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FRAGMENTING DATA FOR THE PURPOSES
OF PERSISTENT STORAGE ACROSS
MULTIPLE IMMUTABLE DATA
STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent claims the benefit of U.S. Provisional Patent
Application 62/374,278, titled FRAGMENTING DATA

FOR THE PURPOSES OF PERSISTENT STORAGE
ACROSS MULTIPLE IMMUTABLE DATA STRUC-
TURES, filed 12 Aug. 2016; and the present patent i1s a
continuation-in-part of U.S. patent application Ser. No.
15/171,347, titled COMPUTER SECURITY AND USAGE-
ANALYSIS SYSTEM, filed 2 Jun. 2016, which claims the
benefit of U.S. Provisional Patent Application 62/169,823,
filed 2 Jun. 2015. The entire content of each of these
carlier-filed applications, and content incorporated by refer-
ence therein, 1s hereby incorporated by reference for all
pUrposes.

[T

BACKGROUND

1. Field

The present disclosure relates generally to cybersecurity
and, more, specifically to fragmenting data for the purpose
ol persistent storage across multiple immutable data struc-
tures.

2. Description of the Related Art

Datastores, such as document repositories, file systems,
relational databases, non-relational database, memory
images, key-value repositories, and the like, are used 1n a
variety of different types of computing systems. Often, data
to be stored 1s received by the datastore and then later
retrieved during a read operation. In many cases, the data-
store arranges the data 1n a manner that facilitates access
based on an address of the data 1n the datastore (e.g., a file
name) or content of the data (e.g., a select statement 1n a
structured query language query).

In many cases, the security and integrity of the data 1n the
datastore cannot be trusted. Often, an attacker who has
penetrated a computer network will modily or exfiltrate
records 1n a datastore that are mtended to be confidential.
Further, in many cases, the attacker may be credentialed
entity within a network, such a as rogue employee, making
many traditional approaches to datastore security inadequate
in some cases. Aggravating the risk, 1n many cases, such an
attacker may attempt to mask their activity in a network by
deleting access logs stored in datastores.

SUMMARY

The following 1s a non-exhaustive listing of some aspects
of the present techniques. These and other aspects are
described in the following disclosure.

Some aspects include a process including: receiving, with
ONE Or MOre Processors, one or more write requests to write
a plurality of values to a plurality of fields in one or more
tuples of a relational database, different ones of the values
corresponding to different ones of the fields; selecting, with
one or more processors, a first subset of the values based on
the first subset of values corresponding to fields 1n a first
subset of the fields, the first subset of fields being designated
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as higher-security fields than a second subset of fields among
the plurality of fields; segmenting, with one or more pro-
cessors, a first value in the first subset of values 1nto a
plurality of segments, each segment having a subset of
information 1n the first value and different segments having
different subsets of the information i1n the first value, the
write request having an indication that the first value 1s to be
written to a given field of a given tuple; instructing, with one
Or more processors, via a network, a first computing device
to store a {first subset of segments among the plurality of
segments 1n memory; mstructing, with one or more proces-
sors, via a network, a second computing device to store a
second subset of segments among the plurality of segments
in memory, wherein: the first computing device does not
have access to the second subset of segments; and the second
computing device does not have access to the first subset of
segments; and causing, with one or more processors, the
relational database to store the second subset of the values
and one or more pointers to at least some of the segments,
wherein: the first subset of the values 1s not written to the
relational database 1n response to the one or more write
requests; and the one or more pointers are stored in the
relational database 1n association with the given field of the
given tuple to which the one or more write requests request
the first value be written.

Some aspects include a tangible, non-transitory, machine-
readable medium storing instructions that when executed by
a data processing apparatus cause the data processing appa-
ratus to perform operations including the above-mentioned
Process.

Some aspects include a system, including: one or more
processors; and memory storing instructions that when
executed by the processors cause the processors to effectuate
operations of the above-mentioned process.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned aspects and other aspects of the
present techniques will be better understood when the pres-
ent application 1s read in view of the following figures 1n
which like numbers indicate similar or identical elements:

FIG. 1 1s a logical and physical architecture block diagram
that shows an example of a computing environment 1n which
the present techniques may be implemented 1n accordance
with some embodiments;

FIG. 2 15 a flow chart that shows an example of a process
to read and write a document to a tamper-evident, immutable
data repository 1n accordance with some embodiments;

FIG. 3 1s a data model block diagram that shows an
example of a tamper-evident, immutable data repository that
may be operated upon by the process of FIG. 2 1n accordance
with some embodiments;

FIG. 4 1s a flow chart that shows an example of a process
by which stored values may be fragmented and stored
among a plurality of different tamper-evident, immutable
directed acyclic graphs, such as those shown i FIG. 3, 1n
accordance with some embodiments;

FIG. § 1s a data model block diagram that shows an
example of a tamper-evident, immutable data repository
storing fragments of data distributed among multiple
directed acyclic graphs that may be operated upon by the
processes ol FIGS. 4 and 6 in accordance with some
embodiments;

FIG. 6 1s a flow chart that shows an example of a process
by which data may be read from the data structure of FIG.
5 1n accordance with some embodiments:
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FIG. 7 1s a flow chart that shows an example of a process
by which cryptographic hash pointers 1n tamper-evident data

repositories may be formed to render the data repositories
modular 1n accordance with some embodiments;

FI1G. 8 1s a tlow chart that shows an example of a process
by which existing workload applications and user interfaces
may be retrofit to securely store and access relatively
high-security data in a transparent fashion in accordance
with some embodiments;

FIG. 9 1s a flow chart that shows an example of a process
by which access requests to scattered data may be logged to
a tamper-evident, immutable data repository 1n accordance
with some embodiments;

FI1G. 10 1s a tflow chart that shows an example of a process
by which data 1n tamper-evident, immutable data reposito-
riecs may be compressed by storing differences between
versions ol documents or other units of content 1n accor-
dance with some embodiments;

FI1G. 11 1s a flow chart that shows an example of a process
by which version graphs storing sequences of changes
between versions of documents may be traversed to read
current versions ol documents 1n accordance with some
embodiments;

FIG. 12 1s a data model block diagram that shows an
example of a data structure by which a version graph may be
stored as a sequence of content graphs on a collection of
verification graphs or other tamper-evident, immutable data
repositories 1 accordance with some embodiments; and

FIG. 13 1s a physical architecture block diagram that

shows an example of a computing device by which the
above techniques may be implemented.

While the present techniques are susceptible to various
modifications and alternative forms, specific embodiments
thereol are shown by way of example 1n the drawings and
will herein be described 1n detail. The drawings may not be
to scale. It should be understood, however, that the drawings
and detailed description thereto are not intended to limit the
present techniques to the particular form disclosed, but to the
contrary, the intention 1s to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope of
the present techniques as defined by the appended claims.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

To mitigate the problems described herein, the mventors
had to both mmvent solutions and, 1n some cases just as
importantly, recognize problems overlooked (or not yet
foreseen) by others 1n the field of cybersecurity. Indeed, the
inventors wish to emphasize the difliculty of recognizing
those problems that are nascent and will become much more
apparent 1n the future should trends in industry continue as
the inventors expect. Further, because multiple problems are
addressed, i1t should be understood that some embodiments
are problem-specific, and not all embodiments address every
problem with traditional systems described herein or provide
every benefit described herein. That said, improvements that
solve various permutations of these problems are described
below.

A variety of problems relating to security of datastores
and networks of computers used by organizations are
addressed by wvarious versions of techniques described
below. These different techniques can be used together,
synergistically 1n some cases, so their descriptions are
grouped 1nto a single description that will be filed 1n multiple
patent applications with different claim sets targeting the
different techniques and combinations thereof. In view of
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this approach, it should be emphasized that the techniques
are also independently useful and may be deployed 1n
1solation from one another or 1n any permutation combining
the different subsets of techniques, none of which to suggest
that any other description herein 1s limiting. Conceptually
related groups of these techmques are preceded by headings
below. These headings should not be read as suggesting that
the subject matter underneath different headings may not be
combined, that every embodiment described under the head-
ing has all of the features of the heading, or that every
feature under a given heading must be present 1n an embodi-
ment consistent with the corresponding conceptually related
group ol techniques, again which 1s not to suggest that any
other description 1s limiting.

These techniques are best understood m view of an
example computing environment 10 shown 1n FIG. 1. The
computing environment 10 1s one example of many com-
puting architectures in which the present techniques may be
implemented. In some embodiments, the present techniques
are 1mplemented as a multi-tenant distributed application 1n
which some computing hardware 1s shared by multiple
tenants that access resources on the computing hardware in
computing devices controlled by those tenants, for example,
on various local area networks operated by the tenants. Or
in some cases, a single tenant may execute each of the
illustrated computational entities on privately-controlled
hardware, with multiple instances of the computing envi-
ronment 10 existing for different organizations. Or some
embodiments may implement a hybrid approach in which
multi-tenant computing resources (e.g., computers, virtual
machines, containers, microkernels, or the like) are com-
bined with on-premises computing resources or private
cloud resources. In some embodiments, the computing envi-
ronment 10 may include and extend upon the security
features of a computing environment described i U.S

patent application Ser. No. 15/171,347, titled COMPUTER
SECURITY AND USAGE-ANALYSIS SYSTEM, filed 2
Jun. 2016, the contents of which are hereby incorporated by
reference.

In some embodiments, the computing environment 10
includes a plurality of client computing devices 12, a lower-
trust database 14, secure distributed storage 16, a domain
name service 18, and a translator server 20 (or elastically
scalable collection of instances of translator servers disposed
behind a load balancer). In some embodiments, each of these
components may communicate with one another via the
Internet 22 and various local area networks in some cases.
In some embodiments, communication may be via virtual
private networks overlaid on top of the public Internet. In
some embodiments, the illustrated components may be
geographically distributed, for example, more than 1 kilo-
meter apart, more than 100 kilometers apart, more than a
thousand kilometers apart, or further, for example distrib-
uted over the content event of North America, or the world.
Or 1n some cases, the components may be co-located and
hosted within a airgapped or non-airgapped private network.
In some embodiments, each of the illustrated blocks that
connects to the Internet 22 may be implemented with one or
more of the computing devices described below with refer-
ence to FIG. 13.

In some embodiments, each of the client computing
devices 12 may be one of a plurality of computing devices
operated by users or applications of an entity that wishes to
securely store data. For example, a given business or gov-
ernmental organization may have more than 10, more than
100, more than 1,000, or more than 10,000 users and
applications, each having associated computing devices that
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access data stored in the lower-trust database 14 (or a
collection of such databases or other types of datastores) and
the secure distributed storage 16. In some embodiments,
multiple entities may access the system in the competing
environment 10, for example more than five, more than 30,
more than 500, or more than 5000 different entities may
access shared resources with respective client computing
devices or may have their own instance of the computing
environment 10. In some embodiments, some of the client
computing devices 12 are end-user devices, for example,
executing a client-side component of a distributed applica-
tion that stores data in the lower-trust database 14 and the
secure distributed storage 16, or reads 1s such data. Client
computing devices may be laptops, desktops, tablets, smart-
phones, or rack-mounted computing devices, like servers. In
some embodiments, the client-computing devices are Inter-
net-oi-things appliances, like smart televisions, set-top
media payers, security cameras, smart locks, self-driving
cars, autonomous drones, 1ndustrial sensors, industrial
actuators (like electric motors), or 1n-store kiosks. In some
embodiments, some of the client computing devices 12 may
be headless computing entities, such as containers, micro-
kernels, virtual machines, or rack-mounted servers that
execute a monolithic application or one or more services 1n
a service-oriented application, like a micro services archi-
tecture, that stores or otherwise axis 1s data 1n the lower-trust
database 14 or the secure distributed storage 16.

In some embodiments, the lower-trust database 14 and the
secure distributed storage 16 may each store a portion of the
data accessed with the client computing devices 12, 1n some
cases with pointers therebetween stored 1n one or both of
these datastores. In some embodiments, as described below,
this data may be stored 1n a manner that abstracts away the
secure distributed storage 16 from a workload application
through which the data 1s accessed (e.g., read or written). In
some embodiments, data access operations may store or
access data in the lower-trust database 14 and the secure
distributed storage 16 with a workload application that 1s not
specifically configured to access data 1n the secure distrib-
uted storage 16, e.g., one that 1s configured to operate
without regard to whether the secure distributed storage 16
1s present, and for which the storage of data in the secure
distributed storage 16 1s transparent to the workload appli-
cation storing content 1n the lower-trust database 14 and the
secure distributed storage 16. In some embodiments, such a
workload application may be configured to, and otherwise
designed to, interface only with the lower-trust database 14
when storing this data, and as described below, some
embodiments may wrap interfaces for the lower-trust data-
base 14 with additional logic that routes some of the data to
the secure distributed storage 16 and retrieves that data from
the secure distributed storage 16 1n a manner that 1s trans-
parent to the workload application accessing content (1.e.,
data written or read by the workload application).

Content stored in the lower-trust database 14 and secure
distributed storage 16 may be created or accessed with a
variety of different types of applications, such as monolithic
applications or multi-service distributed applications (e.g.,
implementing a microservices architecture i which each
service 1s hosted by one of the client computing devices 12).
Examples include email, word processing systems, spread-
sheet applications, version control systems, customer rela-
tionship management systems, human resources computer
systems, accounting systems, enterprise resource manage-
ment systems, inventory management systems, logistics
systems, secure chat computer systems, industrial process
controls and monitoring, trading platforms, banking sys-
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tems, and the like. Such applications that generate or access
content 1n the database 14 for purposes ol serving the
application’s functionality are referred to herein as “work-
load applications,” to distinguish those applications from
infrastructure code by which the present techniques are
implemented, which 1s not to suggest that these bodies of
code cannot be mtegrated 1n some embodiments 1nto a single
workload application having the infrastructure functionality.
In some cases, several workload applications (e.g., more
than 2, more than 10, or more than 50), such as selected
among those in the preceding list, may share resources
provided by the infrastructure code and functionality
described herein.

In some embodiments, the lower-trust database 14 1s one
of the various types of datastores described above. In some
cases, the lower-trust database 14 1s a relational database,
having a plurality of tables, each with a set of columns
corresponding to different fields, or types of values, stored 1n
rows, or records (1.., a row 1n some 1mplementations) in the
table, 1n some cases, each record, corresponding to a row
may be a tuple with a primary key that 1s unique within that
respective table, one or more foreign keys that are primary
keys 1n other tables, and one or more other values corre-
sponding to different columns that specity diflerent fields 1n
the tuple. Or 1n some cases, the database may be a column-
oriented database in which records are stored in columns,
with different rows corresponding to different fields. In some
embodiments, the lower-trust database 14 may be a rela-
tional database configured to be accessed with structured
query language (SQL) commands, such as commands to
select records satisfying criteria specified in the command,
commands to join records from multiple tables, or com-
mands to write values to records in these tables.

Or 1 some cases, the lower-trust database 14 may be
another type of database, such as a noSQL database, like
various types ol non-relational databases. In some embodi-
ments, the lower-trust database 14 1s a document-oriented
database, such as a database storing a plurality of serialized
hierarchical data format documents, like JavaScript™ object
notation (JSON) documents, or extensible markup language
(XML) documents. Access requests 1n some case may take
the form of xpath or JSON-path commands. In some
embodiments, the lower-trust database 14 1s a key-value data
store having a collection of key-value pairs in which data 1s
stored. Or 1n some cases, the lower-trust database 14 1s any
ol a variety of other types of datastores, for instance, such as
instances ol documents 1n a version control system, memory
images, a distributed or non-distributed file-system, or the
like. A single lower-trust database 14 1s shown, but embodi-
ments are consistent with, and in commercial instances
likely to include, substantially more, such as more than two,
more than five, or more than 10 different databases, 1n some
cases ol different types among the examples described
above. In some embodiments, some of the lower-trust data-
bases may be database of a software-as-a-service application
hosted by a third party and accessed via a third party
application program interface via exchanges with, for
instance, a user’s web browser or another application. In
some cases, the lower-trust database 14 1s a mutable data
store or an 1immutable data store.

In some cases, access to data in the lower-trust database
14, and corresponding access to corresponding records in
the secure distributed storage 16, may be designated in part
with roles and permissions stored in association with various
user accounts of an application used to access that data. In
some embodiments, these permissions may be modified, for
example, revoked, or otherwise adjusted, with the tech-
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niques described 1in U.S. patent application Ser. No. 15/171,
347, titled COMPUTER SECURITY AND USAGE-

ANALYSIS SYSTEM, filed 2 Jun. 2016, the contents of
which are hereby 1nc0rp0rated by reference.

The database 14 1s described as “lower-trust.” The term
“lower-trust” does not require an absolute measure of trust
or any particular state of mind with respect to any party, but
rather serves to distinguish the database 14 from the secure
distributed storage 16 which has certain security features 1n
some 1mplementations described below and 1n some cases
may be referred to as a “higher-trust” database.

In some cases, some of the data that an application writes
to, or has written to, the lower-trust database 14 may be
intercepted or moved to the secure distributed storage 16
with techniques described below. Further, access requests
from a workload application to the lower-trust database 14
may be intercepted, or responses from such access request
may be intercepted, and data from the lower-trust database
14 may be merged with data from the secure distributed
storage 16 that 1s responsive to the request before being
presented to the application, as described 1n greater detail
below. Further, read requests may be intercepted, modified,
and 1teratively executed 1in a manner that limits how much
information in the secure distributed storage 1s revealed to a
client computing device at any one time, as described below.

In some embodiments, the secure distributed storage 16
may include a collection of data centers 24, which may be
distributed geographically and be of heterogeneous archi-
tectures. In some embodiments, the data centers 24 may be
various public or private clouds or on-premises data centers
for one or more organization-users, such as tenants, of the
computing environment 10. In some embodiments, the data
centers 24 may be geographically distributed over the
United States, North America, or the world, 1n some cases
with different data centers more than 100 or 1,000 kilome-
ters apart, and 1n some cases with different data centers 24
in different jurisdictions. In some embodiments, each of the
data centers 24 may include a distinct private subnet through
which computing devices, such as rack-mounted computing,
devices 1n the subnet communicate, for example, via wrap
top-of-rack switches within a data center, behind a firewall
relative to the Internet 22. In some embodiments, each of the
data centers 24, or diflerent subsets of the data centers 24,
may be operated by a different enfity, implementing a
different secunity architecture and having a different appli-
cation program interface to access computing resources,
examples including Amazon Web Services™, Azure from
Microsoit™, and Rack Space™. Three diflerent data centers
24 are shown, but embodiments are consistent with, and in
commercial implementations likely to include, more data
centers, such as more than five, more than 15, or more than
50. In some cases, the datacenters may be from the same
provider but in different regions.

In some embodiments, each of the data centers 24
includes a plurality of different hosts exposed by different
computational entities, like microkernels, containers, virtual
machines, or computing devices executing a non-virtualized
operating system. Each host may have an Internet Protocol
address on the subnet of the respective data center 24 and
may listen to and transmit via a port assigned to an instance
of an application described below by which data 1s stored 1n
a distributed ledger. In some embodiments, each storage
compute node 26 may correspond to a different network
hosts, each network coast having a server that monitors a
port, and configured to implement an 1nstance of one of the
below-described directed acyclic graphs with hash pointers
implementing 1mmutable, tamper-evident distributed led-
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gers, examples include block chains and related data struc-
tures. In some cases, these storage compute nodes 26 may be
replicated, in some cases across data centers 24, for
example, with three or more 1nstances serving as replicated
instances, and some embodiments may implement tech-
niques described below to determine consensus among these
replicated instances as to state of stored data. Further, some
embodiments may elastically scale the number of such
instances based on amount of data stored, amounts of access
requests, or the like.

Some embodiments may further include a domain name
service (DNS) 18, such as a private DNS that maps uniform
resource 1dentifiers (such as umiform resource locators) to
Internet Protocol address/port number pairs, for example, of
the storage compute nodes 26, the translator 20, and 1n some
cases other client computing devices 12 or other resources 1n
the computing environment 10. In some embodiments, a
client computing device 12, a storage compute node 16, the
database 14, or translator 20 may encounter a uniform
resource 1dentifier, such as a uniform resource locator, and
that computing entity may be configured to access the DNS
18 at an IP address and port number pair of the DNS 18. The
entity may send a request to the DNS 18 with the uniform
resource identifier, and the DNS 18 may respond with a
network and process address, such as Internet Protocol
address and port number pair corresponding to the uniform
resource 1dentifier. As a result, underlying computing
devices may be replaced replicated, moved, or otherwise
adjusted, without impairing cross-references between infor-
mation stored on different computing devices. Or some
embodiments may achieve such flexibility without using a
domain name service 18, for example, by implementing a
distributed hash table or load-balancing that consistently
maps data based on data content, for example based on a
prefix or suilix of a hash based on the data or identifiers of
data to the approprniate computing device or host. For
instance, some embodiments may implement a load balancer
that routes requests to storage compute nodes 26 based on a
prefix of a node 1dentifier, such as a preceding or trailing
threshold number of characters.

Some embodiments may further include a virtual machine
or container manager configured to orchestrate or otherwise
clastically scale instances of compute nodes and instances of
the translator 20, for instance, automatically applying cor-
responding 1mages to provisioned resources within one or
more data centers 24 responsive to need and spinning down
instances as need diminishes.

In some embodiments, the translator 20 may be config-
ured to execute a routine described 1n greater detail below
that translates between an address space of the lower-trust
database 14 and an address space of the secure distributed
storage 16. In some embodiments, the translator 20 may
receive one or more records from the client computing
device 12 that 1s going to be written to the lower-trust
database 14, or may receive such records from the lower-
trust database 14, and those records may be mapped to the
below-describe segment 1dentifiers (or other pointers, such
as other node 1dentifiers) in the secure distributed storage 16.
The translator 20 may then cause those records to be stored
in the secure distributed storage 16 and the segment 1den-
tifiers to be stored 1n place of those records 1n the lower-trust
database 14, such as 1n place of individual values in records.
In some embodiments, translation may happen at the level of
individual values corresponding to individual fields 1n 1ndi-
vidual records, like rows of a table in the database 14, or
some embodiments may translate larger collections of data,
for example, accepting entire records, like entire rows, or
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plurality of columns, like a primary key and an individual
value other than the primary key i a given row. Some
embodiments may accept files or other binary larger objects
(BLOBS). The translator 20 that may then replace those
values 1n the lower-trust database 14 with a pointer, like a
segment 1dentifier in the secure distributed storage, in the
manner described below, and then cause those that data to be
stored 1n the secure distributed storage 16 in the manner
described below. In some examples, documents may be
stored, which may be relatively small stand-alone values to
binary large objects encoding file-system objects like word-
processing files, audio files, video files, chat logs, com-
pressed directories, and the like. In some cases, a document
may correspond to an individual value within a database, or
document may correspond to a file or other binary large
object. In some cases, documents may be larger than one
byte, 100 bytes, 1 kB, 100 kB, 1 MB, or 1 GB. In some
embodiments, documents may correspond to messages 1n a
messaging system, or printable document format docu-
ments, Microsoft Word™ documents, audio files, video files
or the like.

In some embodiments, the translator 20 may include code
that receives requests from drivers and facilitates the trans-
lation of data. In some cases, the translator 20 may be one
of an elastically scaled set of translators 20 remotely hosted
in a public or private cloud. The translator may, in some
cases, implement the following functions:

1. Validate Request

a. Using a database, some embodiments validate a com-
bination of user supplied parameters such as predefined
software IDs, client IDs, and machine specific identifiers
registered at install time. This 1s compared against a known
list and then further verified with IP address and/or other
network specific parameters.

2. Data Validate

a. Parsing the HITP body and then decoding some
embodiments determine the unique list of reference values
to replace with plain text. Using a database, some embodi-
ments first check if the requesting machine has the rights to
access the data. Next using a database, some embodiments
find the network name of the first hop of the piece of data
and place into an array.

3. Threshold Check

a. With the location of each unique requested segment (or
node or document or content) identifier, some embodiments
check against a series of threshold or rate objects. Some
embodiments look for access rate, time window, or location
based rules and apply the requested data against a mapping,
of rules. If any particular data 1s breaking a threshold then
an anomaly 1n the system 1s generated resulting 1n notifica-
tions and logging 1n some embodiments.

4. Jobs

a. The translator 20 may split up the data requests 1nto
10bs and places the job onto a work queue. The split may be
done by a static per message job size and may use a
deal-letter exchange to retry and finally fail messages

5. Response Function

a. Data may be returned from the queue and plain text
values may be matched and replaced with the corresponding
pointers (such as segment, document, node, or unit-oi-
content 1dentifiers, which 1s not to suggest that these or any
other list of categories describe disjoint sets). Once all jobs
have returned the response a response may be returned in
some embodiments.

In some embodiments, the client computing devices 12
may each execute an operating system in which one or more
applications 28 execute. These applications may 1include
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client-side portions of the above-described examples of
workload applications, which may include business logic
and other program code by which a service in a micro-
services architecture 1s implemented. In some embodiments,
the applications 28 may be different in different client
computing devices, and an individual client computing
device may execute a plurality of different applications. In
some embodiments, the applications 28 may be configured
to iterface with the lower-trust database 14 via a database
driver 32 executed within the operating system. The data-
base driver 32 may be any of a variety of diflerent types of
drivers such as an ODBC driver, a JDBC driver, and the like.
In some embodiments, the database driver 32 may be
configured to access the lower-trust database 14 wvia a
network interface 34 of the client computing device 12, such
as a network iterface card connected to a physical media of
a local area network by which the Internet 22 1s accessed.

Some embodiments may further include a security driver
30 that interfaces between the application 28 and the data-
base driver 32. In some embodiments, the security driver 30
may be transparent to the application 28, such that an
application program interface of the database driver 32 is
presented to the application 28 by the security driver 30, and
that application program interface may be unmodified from
the perspective of the application 28 relative to that pre-
sented by the database driver 32 in some cases. In some
embodiments, the security driver 30 may wrap an applica-
tion program interface of the database driver 32, such that
the security driver 30 receives application program interface
requests from the application 28 to the driver 32, acts on
those requests, and 1n some cases modifies those requests,
and then provides the request 1n some cases with modifica-
tions to the database driver 32. Similarly, responses back to
the application 28 may be provided by the security driver 30
and 1n a manner consistent with that provided by the driver
32, as described 1n greater detail below.

In some embodiments, the security driver 30 1s configured
to engage the translator 20 after (or to perform) splitting data
being written to (or attempting) the lower-trust database 14
by the application 28 into higher-security data and lower-
security data. Again, the terms “lower-security” and “higher-
security’” serve to distinguish data classified differently for
purposes of security and do not require measurement against
an absolute security metric or a state of mind. The lower-
security data may then be written by the database driver 32
to the lower-trust database 14 1n the manner provided for by
the application 28 without regard to whether the security
driver 30 1s present.

The higher-security data, on the other hand, may be stored
in a manner described below by the translator 20 that renders
that data relatively robust to attacks by malicious actors.
When returning data to the application 28, for example 1n
response to recerving a read request, these operations may be
reversed 1 some cases. Again, these operations are
described 1n greater detail below. Generally, 1n some
embodiments, the data from the lower-trust database 14 and
the data from the secure distributed storage 16 may be
merged by the security driver 30, 1n some cases, before that
data 1s presented to the application 28. By acting on the
higher-security data within the client computing device 12,
betfore that data leaves the client computing device 12, some
embodiments may reduce an attack service of the computing
environment 10. That said, not all embodiments provide this
benellt, and some embodiments may implement the func-
tionality of the security driver 30 outside of the client
computing devices 12, for example, 1n a database gateway,
in a database management system implemented at the lower-
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trust database 14, or on another standalone application
executed 1n a computing device disposed between the lower-
trust database 14 and the network and the client computing,
device 12 1n a path to the lower-trust database 14.

In some embodiments, the security driver 30 includes an
outbound path and an inbound path. In some embodiments,
the outbound path includes an out-parser 36, a validator 38,
a data multiplexer 40. The out-parser may classity values as
higher-security or lower-security values applying one or
more rules 1n a data policy described below. The validator
may perform the statement validate function described
below. The multiplexer may route data to the lower-trust
database 14 or the translator 20 based on the security
classification. In some embodiments, the inbound path
includes an 1n parser 42, and a data de-multiplexer 44. The
inbound path may include a parser 42 configured to detect
pointers to data in query responses from the lower-trust
database 14 that point to data in the secure distributed
storage 16. The parser 42 may call the translator 20 to
request that pointers be replaced with more securely stored
data. In some cases, the de-multiplexer 44 may merge data
from the translator 20 with lower-security data in the same
query response. In some cases, the security drniver may
implement a process described below with reference to FIG.
8 and perform the following functions:

1. Statement Parse

a. For a SELECT statement, there could be a WHER
clause which 1s looking to match data 1n a protected column.
During this phase, some embodiments parse the SELECT
statement and check if there 1s a need to flip any plain text
values 1n the WHERE clause 1nto the reference space. The
statement may be marked for processing and passed along.

b. For an INSERT or UPDATE statement, there could be
data 1n either the statement body or the WHERE clause
(INSERT). During this phase, some embodiments parse the
statement and check 11 there 1s a need to flip any plain text
values 1n the WHERE clause or body into the reference
space. The statement may be marked for processing and
passed along.

c. The secunity driver may use a locally kept copy of the
current protection settings for a given client. In some
embodiments, i1t 1s this locally kept and updated (e.g.,
periodically or constantly) table that the database, table, and
column names in the statements are compared against. The

time between getting a new state table 1s determined by
various factors.

2. Statement Validate

a. During the operation of a database command some
embodiments check the statement for potential 1njection or
other malicious SQL statements and block the query or log
that the event happened. This 1s a locally supported opera-
tion that can be done by each driver in some cases.

3. Statement Process

a. Depending upon the results of Parse, the driver may
make HT'TP requests to a preset URL and asks for plain-text
data to be switched into the reference space, e.g., by the
translator 20.

b. The statement may be updated with reference space
data 1f needed and the statement may be delivered to the
lower-trust database 14 server.

4. Result Set Process

a. For a SELECT statement the result set 1s processed and
i columns in the returned data match any entries in the
locally held table, the security driver 20 may perform HT'TP
requests to switch reference space data to plain text space.
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b. The driver 30 may iterate over the data and selects
distinct values to place into an HIT'TP body and requests
made using a preset URL and system DNS 18, e.g., by
engaging the translator 20.

¢. Data may be returned and replaced for each occurrence
in the result set and returned to the application 28 1n some
cases.

Various aspects of the system above, or other architecture
may implement various techniques expanded upon below
under distinct headings.

Immutable Datastore for Low-Latency Reading and Writ-
ing of Large Data Sets

Generally, traditional databases do not adequately protect
against threat actors or iternal resources (employees, infor-
mation-technology stafl, etc.) tampering with the data. At
best, such systems typically provide audit access and the
ability to modily the stored data, but the audit logs typically
are mutable and, thus, can be changed just as easily as the
data.

Recent immutable examples of databases include block-
chain-based databases, such as bitcoind and MultiChain.
Blockchain systems are built upon ideas first described 1n a
paper titled “Bitcoin: A Peer-to-Peer Electronic Cash Sys-
tem” under the pseudonym Satoshi Nakamoto i October
2008. These systems typically implement a peer-to-peer
system based on some combination of encryption, consensus
algorithms, and proof-of-X, where X 1s some aspect that 1s
difficult to consolidate across the network, such as prooi-
of-work, proof-of-stake, proof-oi-storage, etc. Typically,
those actors on a network having prootf-of-X arrive at a
consensus regarding the validation of peer-to-peer transac-
tions, often using various consensus algorithms like Paxos,
Raft, or hashgraph. Or some private blockchains do not
implement proof-o1-X consensus, €.g., where the computing
hardware 1mplementing the blockchain 1s controlled by
trusted parties. Chained cryptographic operations tie a
sequence of such transactions into a chain that once vali-
dated, 1s typically prohibitively computationally expensive
to falsity.

However, many extant blockchain-based databases are
not well suited for certain use cases, particularly those
involving latency-sensitive access (e.g., reading or writing)
to large files (e.g., documents or other collections of binary
data treated as a single entity, often called “blobs™), for
instance 1n a blockchain-hosted filesystem. Indeed, many
blockchain databases are not readily configured to store
large objects and object files (e.g., on the order of 300
kilobytes or larger, depending on the use case and acceptable
latency), as such systems are typically highly specialized for
small-payload “transactional” applications. In such systems,
when storing larger collections of binary data (e.g., files or
blobs), the chain can dramatically slow as the chain gets
bigger, particularly for write operations.

As noted above, blockchains generally allow for small
bits of information to be stored in an immutable data
structure, but the moment data 1n the chain 1s altered, the
chain 1s broken and can no longer function in a manner that
represents the data to be valid. The most common block-
chain implementation 1s the publicly accessible Bitcoin
ledger (for which Blockchains were designed).

As noted, such systems present certain problems for some
use cases. These, and other problems are mitigated by some
embodiments of a system referred to below as “Docuchain.”
Docuchain 1s a blockchain software suite specifically
designed for low-latency put and get operations of Binary
Large Objects (BLOBs). Docuchain, 1n some embodiments,
uses an 1mproved version of an underlying data structure
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called “Merkle Trees” to provide the immutable properties
of the Blockchain. In some embodiments, Docuchain 1s
operative to respond to commands within less than 50
milliseconds (ms), e.g., and many commercial implementa-
tions are expected to provide sub 10 ms operations as
perceived by the application interacting with the chain, and
sub 5 ms operations at the level of the chain. Further, such
response times are expected to scale with the chain size.
Some embodiments may scale response times at nlog(n),
wherein n 1s the number of entries 1n the chain.

Merkle Trees generally work by a tree of cryptographic
hashes 1n which each element of the tree contains a hash of
the information contained by 1ts children, and leaf elements
are hashes of the subject data stored 1n the Merkle Tree. In
many traditional implementations of Merkle Trees for the
purposes ol storing data, like those 1n many earlier block-
chain databases, the data 1s stored 1n a separate logical
datastore, hashed, and just the hash 1s carried into the Merkle
Trees. That 1s, the data being by the database stored i1s not
part of the Merkle Tree, only a hash digest of the data 1s part
of the Merkle Tree.

To mitigate some of the problems with traditional block-
chain databases, some embodiments of Docuchain store the
data directly in Merkle Trees, though embodiments are not
limited to data storage in Merkle Trees, which i1s not to
suggest that other descriptions are limiting. That 1s, when
data 1s written to the database or read from the database, that
data 1s written into specific fields of the elements (e.g.,
attributes of node content of nodes) of the Merkle Tree or
read from specific fields of the elements of the Merkle Tree
(rather than just a hash digest of the data residing in the
Merkle Tree with the entire data residing in an external
datastore). With this tight coupling, 1f the data 1s altered at
all, the entire hash for the tree (as 1s distinct from a hash of
a file stored 1n the database) 1s thrown off immediately and
ultimately the chain will be broken and detected as such
during validation operations. Additionally, some embodi-
ments prevent the BLOB from ever being stored i an
external (potentially mutable and less secure) datastore.
Finally, the tight coupling of the data to the tree 1s expected
to reduce the number of read/write operations necessary to
transact with the chain, further reducing potential latency.

In some embodiments, Docuchain contains two compo-
nents: LibDocuchain and DocuSocket.

In some embodiments, LibDocuchain 1s a software library

that contains the following data structures:
MerkleTree<H, T=>

DataBlock<H, T>

BlockManager<H, 1>

where “H” represents a cryptographic hashing function,

and “T” represents the data type being stored in the
chain. Generally, hashing functions map data of arbi-
trary size to data of fixed size. Examples of crypto-
graphic hash functions include SHA256, SHA-2, MD?3,
and the like (e.g., applied more than once Docuchain,
in some embodiments, can use a variety of different
types of hashing functions and this 1s expected to
include later developed hashing algorithms (e.g., new
post-quantum cryptographic hashes).

The BlockManager, 1n some embodiments, 1s responsible
for taking data, placing into the appropniate block and
iserting into the appropriate Merkle tree, writing to disk at
the appropriate times, increasing (e.g., guaranteeing) chain
durability (1.e., tamper-resistance). Additionally, in some
embodiments, there 1s a JobManager that manages concur-
rent operations on the datastructures to deliver operation
times.
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In some embodiments, DocuSocket 1s a software library
that maintains connections to clients, e.g., remote computing
devices seeking to access data stored 1n the database. Con-
nections from clients may be relatively stateless (and in
some cases, after a session 1s confirmed there 1s no further
state). A connection, in some embodiments, can accept an
arbitrary amount of requests 1n an arbitrary order and will
return responses to the requests 1n arbitrary order. Example,
the connection might receive write (A), write (B), read (C)
operations, and 1n some embodiments, the Docusocket may
respond to request C before A or B. However, once a
transaction response comes for A or B, those operations in
some embodiments are considered final and are commaitted
to the chain and are instantly queryable. This “always-on”
and highly-available connection 1s one differentiator that
allows Docusocket to out-perform standard blockchains 1n
comparable benchmarks. (That said, not all embodiments
alford these benefits, as various independently useful inven-
tions are described, and some of those inventions might be
used to other ends.)

Write requests, 1 some embodiments, are accepted
through Docusocket and passed off to BlockManager for
writing 1nto a MerkleTree object. In some cases, the result
of this operation 1s a hash composed from the position 1n the
MerkleTree, the hash from the previous block, and the
contents of the data that 1s wrntten; this 1s called the
Transaction ID (TXID), which 1s an example of a node
identifier or pointer (which 1s not to suggest that these or
other categories are disjoint). In some embodiments, these
TXIDs are stored 1n alternate data stores for later referencing
and retrieval, e.g., in the lower-trust database 14 in place of
the data to which they point, or in a lower-trust file system
in place of documents referenced by the TXIDs. In some
cases, the TXID’s are segment pointers to a linked list of
segment pointers and segments that encode the stored data.

As noted, earlier blockchain databases are capable of
storing blobs, but the way in which the data 1s stored and
accessed often imposes sever performance penalties when
accessing larger collections of data (e.g., larger BLOBs).
Such systems often rely on additional functionality origi-
nally intended to handle the transactive nature of bitcoins
and other cryptocurrencies. This additional functionality 1s
often provided by an “in-chain™ scripting language which
defines the transactions that enter the chain. For many use
cases, this 1s a secure and ethicient method of maintaining a
ledger, however for larger chains, these features come at
significant time complexity cost, particularly 1n write opera-
tions. As these chains grow, they become sigmificantly
slower. Blockchain document databases that store the docu-
ments 1-chain are expected to grow very fast, thus putting
significant limitations on what 1s practically possible with
prior technology.

In contrast, because some embodiments of Docuchain
store data 1n 1ts exact representation (which should not be
read to exclude various transformations and may include
storing a compressed, encrypted copy of the data) directly 1n
the Merkle Tree, those embodiments are expected to be able
to circumvent the need to have the in-chain scripting lan-
guage and are able to provide O(log(n)) get/put operations
on a tree once 1t 1s loaded in memory. Further, storing the
data being committed to the database, rather than just a hash
digest, in the Merkle Tree 1s expected to impede (and 1n
some cases defeat) hash collision attacks on the stored data.
In such attacks, malicious content 1s selected and designed
to produce the same hash as stored data, and that malicious
data 1s substituted i1n the database for the authentic data.
With traditional systems, the Merkle Tree will yield a hash
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value that validates the malicious content as authentic. In
contrast, some embodiments circumvent this attack vector
by storing the data commutted to the database in the Merkle
Tree. Further, some embodiments may detect changes with-
out the need to continually verily each BLOB with 1ts
respective hash digest on a continual basis, unlike many
systems that merely store a hash digest of the BLOB 1n the
chain. That said, not all embodiments afford these benetfits,
¢.g., some embodiments may avoid the use of traditional
in-chain scripts to access hashed digests 1n the chain, with-
out storing the entire document, thereby expediting opera-
tions.

These libraries may implement an example of a process
shown 1n FIG. 2, which shows an example of a process 50
that may be implemented to store and access documents in
a, immutable, tamper-evident data structure, an example of
which 1s shown 1n FIG. 3. In some embodiments, the process
50 may be implemented 1n the computing environment 10
described above, but 1t should be emphasized that embodi-
ments are not limited to that implementation, which 1s not to
suggest that any other description 1s limiting. Indeed, some
embodiments may implement versions of the process shown
on a single computing device as part of a monolithic
application, such as a file manager that stores documents
locally 1n the described fashion.

In some embodiments, the operations of the process 50,
and the other processes described herein, may be imple-
mented 1n a different order from that described, may include
steps that are repeated, may include steps that are executed
concurrently, may include steps that are omitted, or may be
otherwise differently arranged from the exemplary arrange-
ments described, none of which 1s to suggest that other
descriptions are limiting. Further, the operations of the
process 50 and the other processes and functionality
described herein may be implemented by executing instruc-
tions stored on a tangible, non-transitory, machine-readable
medium with one or more processors, such that when the
instructions are executed, the described functionality 1is
cllectuated. In some cases, notwithstanding the use of the
singular medium, the operations may be stored on multiple
media 1n a distributed fashion, for example, with different
subsets of the mnstructions stored 1n memory of different
computing devices that execute those different respective
instructions, an arrangement which 1s consistent with the
singular “medium” as that term 1s used herein. Further,
storage of data need not be persistent 1n the absence of
power and may be eflectuated with either persistent data
storage or dynamic data storage, such as dynamic random
access memory that may dissipate stored data when power
1s removed.

In some embodiments, the process 50 includes receiving,
a write command requesting that a document associated with
the write command be stored 1n an immutable data structure,
as indicated by block 52, such as a tamper-evident 1mmu-
table data structure. In some cases, the write command may
be a SQL command to write to the above-described lower-
trust data store 14 from the application 28 received by the
security driver 30, or the command may be a command to
store a file or other document 1n a file system. For instance,
in some cases, the write command may be a request received
by a file manager of an operating system to store a file 1n a
repository presented as a network drive within a user inter-
face of the operating system, where some or all of the
network drive 1s hosted 1n the immutable data structure like
that described below with reference to FIGS. 3 and 5. In
some embodiments, the write command may be generated
programmatically, or 1n some cases the write command may
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be generated responsive to a user input requesting that, for
example, a document be stored. As noted above, the term
“document” 1s used relatively expansively herein and may
include storage of an individual bites of information, or
larger binary large objects, such as files ranging up to
multiple gigabits or larger. Files may include stored data
associated with metadata, like author, file-size, creation date,
modification date, a file-name, an extension, and the like.
Such files may be consistent with the definitions of files 1n
the Windows™, Android™, 10S™_ Linux™, or Mac™
operating systems.

The term “immutable” 1n the phrase “immutable data
structure” refers to an arrangement of data that the comput-
ing system and write the right command 1s configured to
leave 1n place even after the information represented by the
data changes. For example, the data might represent a user’s
telephone number, and embodiments using an 1mmutable
data structure may write a new record indicating a new
telephone number, rather than overwrite an existing record.
Thus, both the older version and the newer version are
preserved (and may be labeled as the older or newer version)
even after the value changes. Such embodiments may then
reference a most recent representation of the value for that
field to effectuate the change, rather than deleting the old
instance. In some embodiments, the immutable data struc-
ture may be a tamper-evident data structure that 1s compu-
tationally infeasible to modily without the modification
being detectable to a party auditing the data structure. Some
embodiments may implement cryptographic hash pointers
described below 1n a directed acyclic graph that make 1t
computationally infeasible for a party to moditly stored data
without those modifications being evident 1n virtue of incon-
sistent hash values elsewhere 1n the data structure. Compu-
tational feasibility may depend on the use case, for example,
whether economics and time available provide for certain
amounts of competing resources to be brought to bear. In
many cases, an operation requiring more than 10128 hashes
on average to manufacture a collision with altered data may
be said to be computationally infeasible.

In some embodiments, the process 50 may include form-
ing nodes of a directed acyclic graph having node content
that includes the document, as indicated by block 54.
Forming nodes may include accessing existing nodes and
inserting node content into those nodes or forming entire
new data structures by which nodes are encoded. In some
embodiments, each node may include node content with a
collection of attributes, which 1n some cases may include a
pointer to another node. In some embodiments, those node
attributes may include a pointer that 1s an i1dentifier of an
adjacent node 1n the directed acyclic graph and a crypto-
graphic hash value based upon one or more attributes of the
adjacent node that 1s 1dentified. In some embodiments, these
last two pair of attributes (an identifier of another node and
cryptographic hash value of at least some of that node’s
content) may correspond to a cryptographic hash pointer
from one node to another. Cryptographic hash pointers may
define edges of the graph in some embodiments. In some
embodiments, an individual node may contain zero crypto-
graphic hash pointers (such as a leal node 1n a binary tree),
a single cryptographic hash pointer (such as a link 1n a block
chain or linked list), a pair of cryptographic hash pointers
(such as in a non-leaf node of a binary tree directed acyclic
graph), or various other amounts of cryptographic hash
pointers, for example, 1n splay trees or skip lists.

In some embodiments, the node attributes include an
identifier of the respective node. In some embodiments, the
identifier may be a segment 1dentifier of the type described
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below, or 1n some cases the identifier may be an 1dentifier
within a namespace of the directed acyclic graph, for
example, a count that increments with the addition of each
node. In some embodiments, the 1identifier may be arranged
hierarchically, for example, indicating a block and a block
chain and then a sequence of binary values that specily a
path through a binary tree, as 1s used in prefix trees 1n some
cases (e.g., the value 00101 may define a path from a root
node to the left, left, nght, left, and then right, with left

expressed as 0 and right expressed as 1, 1n a binary tree). In
some embodiments, the 1dentifier of a node 1s content-based,
for example, a cryptographic hash value or non-crypto-
graphic hash value based on one or more or all of the
attributes of the node, which may include hash pointers of
that node.

In some embodiments, the document may be stored 1n a
single node of the directed acyclic graph. Or 1n some cases,
the document may be segmented and stored in multiple

nodes, for example consistent with the techniques described
below with reference to FIGS. 4 through 6. In some embodi-
ments, some nodes of the graph may store other documents
or portions of other documents. In some embodiments,
nodes may be added to the graph over time, 1n some cases
with groups of nodes added sequentially. In some embodi-
ments, attributes of nodes or blocks of nodes (which may
themselves be characterized as nodes 1n some cases) may
turther include a timestamp at which the node was formed,
an 1dentifier of a tenant account or data repository where
data 1in the note 1s stored 1n the lower-trust data store 14, a
date the node was created, and the like.

In some embodiments, groups of nodes may be added as
a “block,” for instance with each block corresponding to a
binary tree having documents stored 1n leal nodes. Or blocks
may be linked lists, skip lists, splay trees, or combinations
thereol, for example. In some embodiments, an individual
node may store multiple documents as attributes of that
node. In some embodiments, blocks have an mteger index,
a block capacity, a cryptographic hash value based on all of
the nodes 1n the block (like a Merkle root), the nodes within
the block, and a cryptographic hash based on content of a
previous block (e.g., based on all values 1n the block, based
on a Merkle root of that block, or the like).

In some embodiments, forming the nodes of the directed
acyclic graph includes forming (e.g., updating or creating) a
sequence of nodes along one or more paths through the
directed acyclic graph. In some embodiments, this may
include calculating one or more cryptographic hash values to
form one or more cryptographic hash pointers along this
path, which in some cases may include or terminate with a
node 1 which the document is stored or a portion of the
document 1s stored, such that each cryptographic hash
pointer along the path 1s based on the document.

Cryptographic hash pointers may be based upon a cryp-
tographic hash function which may take a plurality of inputs,
such as one or more node attributes and produce an output
of fixed size. These functions may have pre-image resis-

tance, second pre-image resistance, and collision resistance.

Examples include an SHA-256, BLAKE, BLAKE2, SHA-1,
SHA-2, and SHA-3 hash function. In some embodiments,
the cryptographic hash function may be a one way function
in which a given string of 1mput produces deterministically
a string of output that 1s relatively diflicult or impossible to
reverse to determine the mput from the output while being,
relatively easy to confirm that an input corresponds to the
output. For example, it may be computationally infeasible to

identify a hash collision in which different istances of the
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input produce a given output. In some embodiments, the
cryptographic hash function may implement the Merkle-
Damgard construction.

In some embodiments, the cryptographic hash function
may be based upon a compression function that accepts a
fixed size input and produces a fixed sized output with a
one-way compression function. In some embodiments,
because the input to the cryptographic hash function may be
a variety of different sizes, the transformation may be
performed 1n a variety of iteration and a plurality of 1tera-
tions. Some embodiments may determine a length of input,
such as a number of bytes, accepted by the one-way com-
pression function, a length of output of the one-way com-
pression function and determine a diflerence between these
two lengths. Some embodiments may then parse an mput to
the Cryptographlc hash function 1nto sequences of a size of
this difference and 1terat1vely input the parsed sequence nto
the one-way compression function and then combine the
output of that iteration with a next portion parsed portion
from the mput, for example, incrementing from a beginning
to an end of an input and iteratively concatenating, for
example, prepending or appending or otherwise intermin-
gling the output of the previous iteration of the one-way
compression function with a next parsed portion of the mnput
to the cryptographic hash function. Some embodiments may
repeat this until an end of the input to the cryptographic hash
function 1s reached (e.g., reaching a point within some
threshold number of bytes or the last byte), as indicated by
block 56. In some embodiments, for example, where a
plurality of inputs are applied, some embodiments may
combine these mputs 1n a variety of approaches, for example
prepending or appending or otherwise intermingling these
inputs to form a string upon which these operations may be
performed to produce a fixed sized output that 1s based upon
the entirety of the input. The resulting directed acyclic graph
may be stored 1n memory.

Betfore completing discussion of FIG. 2, it 1s helptul to
describe an example of a directed acyclic graph like that
used 1n the process of FIG. 2. FIG. 3 shows an example of
a directed acyclic graph 70 consistent with the present
techniques. In some embodiments, the directed acyclic
graph 70 may include a plurality of blocks 1n a sequence,
such as blocks 72, 74, and 76, which may be arranged 1n a
linked list, with links formed by cryptographic hash pointers
corresponding to the illustrated arrows between the 1llus-
trated blocks. In some embodiments, the block 72, 74, and
76 may be added sequentially, over time, for example as
cach block 1s completed. In the illustrated example, the
block 72 may be a most recent block, while a block 76 may
be an earliest block. In some embodiments, the crypto-
graphic hash pointers between each of the blocks may be
based upon node content in the preceding block, and that
node content may include a cryptographic hash pointer
based on node content 1n the preceding block to that block.
Thus, a cryptographic hash value of the cryptographic block
72 may be based upon each of the preceding blocks’
cryptographic hash values and all content rendered tamper-
evident by the data structure.

In some embodiments, each block may include a binary
tree with a root node 80. In some embodiments, each of the
arrows between blocks 1n the binary trees of each of the
block 72, 74, and 76 may also be cryptographic hash
pointers, for example, based on an 1dentifier of the node to
which the cryptographic hash pointer points and a crypto-
graphic hash value based upon node content of that node,
which may include an attribute of that node that 1s itself a
cryptographic hash value of another hash pointer. Thus, 1n
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some cases, a cryptographic hash value of a root node 80
may be based upon node content of every node of the binary
tree 1n each block 72, 74, or 76. In some embodiments, the
node 80 may include three such hash pointers, correspond-
ing to s1x node attributes, the six attributes including three
pairs of node 1dentifiers and cryptographic hash values based
on node content of those nodes. In some embodiments, node
content may further include a cryptographic hash value
based upon each of these values, or such a cryptographic
hash value may be stored 1n another node that points to that
node. The illustrated graphs are acyclic. As that term 1s used
herein, 1t may refer to an acyclic subset of a larger cyclic
graph. Thus, claims to acyclic directed graphs may not be
avoided simply by adding an un-used cycle.

In some embodiments, the binary tree structure may
tacilitate relatively fast access to records within a given
binary tree once a given block 72, 74, or 76 1s 1dentified. In
some embodiments, to expedite access to specific blocks,
some embodiments may 1nclude a skip list data structure, for
example, with another node or value within node 80 that
includes a cryptographic hash pointer to some number of
blocks earlier 1n the sequence, for example, to a block four
positions earlier, another to a block eight positions earlier,
another to a block 16 positions earlier, another to a block 32
positions earlier, and so on. Some embodiments may thus,
skip over some portions of the sequence of blocks to access
a specified block. Three blocks 72, 74, and 76, are shown,
but 1s expected that commercial embodiments will include
substantially more, for example more than 50, more than
100, more than 500, more than a thousand, or more than
10,000 blocks 1n a given directed acyclic graph 70. In some
embodiments, an earliest block 76 may include a crypto-
graphic hash pointer to a seed node 78, which may include
a random value (e.g., a pseudo random value) longer than 64
bytes as node content as an attribute to provide a minimum
level of entropy for each succeeding cryptographic hash
value that points directly or indirectly to the node 78.

In the illustrated example, the blocks 72, 74, and 76
include binary trees with three levels of hierarchy, but
embodiments are expected to include more, for example four
levels, five levels, six levels, seven levels, eight levels, or
more levels of hierarchy, each including twice as many
blocks as a proceeding level in the hierarchy. In some
embodiments, the binary trees may be balanced binary trees,
or 1n some cases the binary trees may be unbalanced. In
some embodiments, nodes 1n the binary trees below a lowest
level, such as nodes 80, 84, and 86 that are non-leaf nodes,
may include node content that 1s based on cryptographic
hash pointers but not based on node attributes in those nodes
that store content of documents, or 1n some cases documents
may also be stored in these nodes. In some embodiments,
content of documents, such as documents themselves or
portions of documents may be stored 1n attributes of node
content of leal nodes 88, 90, 92, and 94, such as an
individual one of these leal nodes 1n some cases. Thus, for
example a given document stored in leaf node 90 as an
attribute 1n node content of leal node 90 may cause a
cryptographic hash value 1n a cryptographic hash pointer of
nodes 84 and 80 to be based upon that document. As a result,
a modification to the document stored 1n node 90 may cause
the cryptographic hash pointers 1n nodes 80 and 84 to be
inconsistent with that document, as cryptographically hash-
ing the modified document is not expected to yield the same
cryptographic hash value in the cryptographic hash pointers
of these nodes 80 and 94. In some embodiments, this
verification operation may be repeated along a sequence in
a path of such nodes connected by cryptographic hash
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pointers, 1n some cases from or to any leal node up to a most
recent root node added to the directed acyclic graph 70,
thereby relatively granularly i1dentifying a node with data
from a workload application that has been modified and
relatively reliably making that data tamper evident due to the
computational 1nfeasibility of crafting hash collisions con-
sistent with the modification to the data along the path. In
some cases, leal nodes may be arranged based on the
content, e.g., with each leafl node from left to right storing a
range of values, or each leaf node storing up to a threshold
amount of data arranged alphabetically, temporally, or 1n
some other arrangement.

In the 1llustrated directed acyclic graph 70, a sequence of
binary trees are shown, but embodiments are consistent with
other types of directed acyclic graphs. In some embodi-
ments, the directed acyclic graph 1s a graph with no uncon-
nected sub graphs. In some embodiments, the directed
acyclic graph 1s a single binary tree, or in some cases the
directed acyclic graph 1s a splay tree of binary trees or a
binary tree of splay trees. In some embodiments, the directed
acyclic graph includes a skip list of splay trees or binary
trees. In some embodiments, the directed acyclic graph
includes a binary tree of skip lists or splay trees or linked
lists. (Some embodiments may facilitate re-arrangement of
trees and other structures to facilitate faster access with
abstract cryptographic hash functions described below, or
hash pointers may be recalculated upon restructuring).

Thus, the directed acyclic graph 70 may include a plu-
rality of nodes, some of which have node content that
includes cryptographic hash pointers correspond to edges 1n
the directed acyclic graph 70, and some of which includes
node content that includes as attributes workload application
data that 1s secured by the directed acyclic graph 70.

In some embodiments, the directed acyclic graph 70 may
take the form of a distributed ledger, such as a block chain
having a linked list of blocks, with each block including a
Merkel tree having a Merkel root that serves as a node
attribute of the respective block, and subsequent blocks
having node attributes that include cryptographic hash val-
ues based on the Merkel root of each proceeding block.

In some embodiments, adding nodes or collections of
nodes, such as blocks, to the directed acyclic graph 70 may
be implemented 1n a un-trusted computing environment by
un-trusted computing devices, 1n some cases based on a
consensus protocol (like Paxos, Rait, or others) in which
different computing devices perform or demonstrate some
proof of something that i1s diflicult to consolidate, such as
prool of work or proof of storage, for istance, by calcu at-
ing a hash collision to a threshold number of prefix or suihix
digits of a cryptographic hash value. In some embodiments,
a collection of untrusted computing devices may execute a
consensus algorithm to determine whether blocks should be
added or are valid, for example. Or to expedite operations,
some embodiments may avoid the overhead associated with
prool of work or storage techniques by executing within an
environment 1 which more control 1s exercised over the
hardware that performs the operations described herein.

It should be emphasized that a data structure need not be
labeled as a graph or as having nodes or edges 1n program
code to constitute a graph, as long as the data structure
includes linking between data elements present 1n a graph.
In some cases, graphs may be encoded as a list of links
between data elements, for example, 1n a key-value pair, or
in a hierarchical data structure, such as 1n a hierarchical data
serialization format, like JOSN or XML. Graphs may also be
encoded as relationships in a relational database. Further,
multiple data structures, such as diflerent graphs, may be




US 9,881,176 B2

21

overlaild on one another, for example in the manner
described below, while still preserving the existence of the
distinct graphs.

In some embodiments, each of the above-described stor-
age compute nodes 26 may store one or more mstances of a
directed acyclic graph 70 like that shown in FIG. 3. In some
embodiments, a given directed acyclic graph may be repli-
cated 1n multiple instances on multiple storage compute
nodes 26, for example, in multiple data centers 24. In some
cases, an odd number of replicated instances may be stored.
When reading data back, some embodiments may imple-
ment a consensus protocol to determine an authoritative
copy, for example identitying a version of a document
returned by a plurality or a majority of the replicated
instances following a read operation like that described
below.

In some embodiments, a given directed acyclic graph 70,
which may be replicated 1n multiple instances, may store
data from a single workload application from a single tenant,
and 1n some cases a subset of data from a single workload
application, or data may be mixed. In some embodiments, a
given directed acyclic graph may store data from multiple
applications of a given tenant. In some embodiments, a
given directed acyclic graph may store data from multiple
tenants, depending upon the implementation.

In some embodiments, as data 1s accumulated, when the
directed acyclic graph 70 exceeds a threshold size, a new
directed acyclic graph may be instantiated, for example,
using a cryptographic hash value of a root node of a last
block added to a previous directed acyclic graph as a seed
value 78 1n a seed node.

Thus, FIG. 3 shows an example of a directed acyclic
graph 1n which documents stored with the process of FIG. 2
may be stored 1n a tamper-evident fashion 1n an immutable
data structure. As the document 1s a revised, new records
may be added with new versions of the document to the data
structure 70, and pointers to a most recent version of the
document may be updated, for example, 1n the lower-trust
database 14 to reference those newer versions. In some
embodiments, these pointers may implement techniques
described below by which pointers are substituted for
records 1n a data store. In some embodiments, those pointers
may point to an individual node i an i1ndividual directed
acyclic graph. In some embodiments, the pointers are node
identifiers or the below described segment 1dentifiers.

In some embodiments, the translator 20 described above
may maintain i memory an index that maps pointers to
uniform resource identifiers of storage compute nodes 26
and directed acyclic graphs maintained by the storage com-
pute nodes, and in some cases, the DNS 18 may map those
uniform resource identifiers to Internet Protocol addresses
and port numbers of the corresponding storage compute
nodes 26. Thus, after a document 1s written to the directed
acyclic graph 70, a pointer, such as a node identifier that
distinguishes that node from among all other nodes acces-
sible to a given application, tenant, or all tenants, may be
stored 1n the lower-trust database 14 or other data store 1n
place of the document.

In some embodiments, the directed acyclic graph 70 may
be periodically verified for internal consistency to detect
instances of tampering with documents. Some embodiments
may recalculate cryptographic pointers along various paths,
for example, each time a new document or other record is
added to the directed acyclic graph 70, for example, each
time a new block 1s added. Upon detecting a path 1n which
the cryptographic hash pointers do not correspond to a
document or other node content in that path, some embodi-
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ments may designate that document or other values as
having been modified. Some embodiments may further emit
an alarm, e.g., send an email, send a text message, and
suspend various user accounts, such as users that have
access the document responsive to detecting tampering. To
detect tampering, some embodiments may recalculate the
cryptographic hash values for each cryptographic hash
pointer along each path to each document and determine
whether the recalculate cryptographic hash values match
those stored as node attributes of nodes storing the respec-
tive cryptographic hash pointers. Thus, 11 a given document,
for example 1n node 90 of block 72 1s tampered with after
storage, the cryptographic hash pointer from block 84 to
block 90 will not match the stored cryptographic hash value
in the node attribute of node 84, nor will the cryptographic
hash pointer from block 80 to block 84 match the stored
value 1n the node 80. Further, 11 additional blocks were
added subsequent to block 72, the cryptographic hash point-
ers between blocks subsequent to block 72 will also fail to
match, thereby providing a traceable path from a most
current node back to a node in which the node content was
tampered with by an attacker. In some embodiments, these
verification operations may be performed each time a node
1s written, each time a block 1s written, periodically, like
hourly, daily, or weekly, or each time a read operation 1s
performed.

FIG. 2 turther includes operations by which a document
may be read back from the secure distributed storage 16. In
some embodiments, the operations of process 50 may
include receiving a read command requesting that the docu-
ment be retrieved from the immutable data structure, as
indicated by block 60. In some cases, the read command
may be recerved after the write command, e.g., substantially
later, for instance more than an hour, day, or week later. In
some cases, the read command may be recerved after
multiple write commands for the same document 1n which
different versions are written to different nodes 1n different
blocks, and 1n some cases to different directed acyclic graphs
like those described above with reference to FIG. 3. In some
embodiments, the read command may reference an identifier
of a document that indicates a most current version of the
document 1s to be retrieved, or in some cases the read
command may reference a particular version of the docu-
ment. In some cases, rece1ving the read command may cause
the security driver 30 to access the lower-trust database 14
or other lower-trust data store and retrieve a pointer to a node
or sequence ol nodes 1 which the specified document 1s
stored. As noted above, 1n some cases the pointer may be a
value that maps to a uniform resource identifier that the DNS
18 maps to an Internet Protocol address and port number
where the corresponding node is stored in a corresponding
directed acyclic graph.

Next, some embodiments may access one or more nodes
of the directed acyclic graph to retrieve the document, as
indicated by block 62. In some cases, this may include
sending a pointer to a node at which at least part of the
document 1s stored to the translator 20, accessing a uniform
resource 1dentifier of a directed acyclic graph 1n which the
node resides in an index stored by the translator 20, con-
verting the uniform resource i1dentifier to an Internet Proto-
col address and port number pair with the DNS 18, request-
ing the corresponding node from the storage compute node
26 hosting the specified directed acyclic graph at the Internet
Protocol address and port number, and returning the
requested document to the requesting application 28.

Further 1n some cases, accessed documents may be veri-
fied. For example, some embodiments may recalculate cryp-
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tographic hash values based on the document along a path
from a most current node of the directed acyclic graph back
to the document (or a subset thereol) and determine whether
any calculated cryptographic hash values do not match those
stored 1n the respective nodes of the directed acyclic graph,
as 1ndicated by block 64.

For clarnity of terminology, it should be noted that the
storage compute nodes 26 refer to computing entities (e.g.,
a service topology), while the nodes of the directed acyclic
graph 70 refer to elements of a data structure.

Embodiments may determine whether these calculated
values are internally consistent, as indicated by block 66.
This may include determining whether calculated values
match those stored in the node pointers of the directed
acyclic graph 70. Upon determining that the values match,
some embodiments may return the requested document, as
indicated by block 69. Upon determining that the values do
not match, some embodiments may indicate that the docu-
ment has been modified, as indicated by block 68. Thus, an
entity retrieving the document may have some confidence
that the document has not been tampered with. Further,
because some embodiments store the document 1n the nodes,
the document may be retrieved relatively quickly (e.g.,
within 200 ms, 100 ms, or 50 ms), even when storing
relatively large amounts of data, e.g., more than 100 GB or
more than 10 TB. Though embodiments are not limited to
systems aflording these benefits, as independently useful
techniques are described, which 1s not to suggest that any
other description 1s limiting.

In some embodiments, documents or other values written
to the secure distributed storage 16 1n nodes of directed
acyclic graphs 70 may be subject to various types of
encoding prior to write operations. In some embodiments,
data may be encoded with redundant information such that
i some of the data 1s modified belore writing or after
writing, the encoding reveals errors and 1n some cases
provides enough redundant imformation that data may be
recovered. For example, some embodiments may encode the
data with Hamming codes or Turbo codes such that if a
subset of the data 1s lost, the document may be reconstructed
based on redundant information in another part of the
document. In another example, data may be compressed, for
example, with entropy coding to facilitate reduced use of
bandwidth and {faster retrieval. In some embodiments,
sequences ol values 1 a document may be analyzed to
identily frequencies with which sequences occur, and those
sequences may be mapped to a dictionary 1n which relatively
frequent characters are represented with relatively short
values, while longer less frequent sequences are mapped to
longer values. The mapping and dictionary may then be
stored 1n the secure distributed storage i a compressed
format. In some embodiments, after compression, some
embodiments may encrypt the data as well, for example,
with a symmetric encryption algorithm in which keys are
maintained by the client computing device 12, for instance,
by XOR’1ng the document with a random string that serves
as the symmetric key. In some cases, the symmetric key may
be stored in the distributed storage 16 1in the manner
described above.

Fragmenting Data for the Purposes of Persistent Storage
Across Multiple Immutable Data Structures

As noted above, traditional databases do not adequately
protect against threat actors or internal resources (employ-
ces, information-technology stafl, etc.) tampering with the
data. Data residing 1n singular logical spaces presents an
casy target for threat actors. Once the computing device
upon which the data is stored 1s compromised, the entirety
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of the data 1s potentially at risk. Similar problems arise when
a single computing device controls access to all other
computing devices in distributed master-slave architectures,
as once the master-device 1s compromised, data on other
devices 1s potentially exposed.

Techniques exist for storing data 1n a distributed form 1n
a peer-to-peer network, but such systems often present other
problems. Examples include various systems built around
the BitTorrent protocol. These systems often operate without
a central authority to be compromised. But 1n these systems,
when or if the data 1s altered (potentially for the purposes of
hiding or obfuscating changes), there 1s no recourse or
method to detect these changes. Further, many distributed
peer-to-peer storage networks, like many implementing the
BitTorrent protocol, maintain full copies of files (or other
BIL.OBs) at each peer, potentially leaving the full file open to
ispection by an untrusted party.

To mitigate these 1ssues and others, 1n some embodi-
ments, when writing data, a component referred to as an
“arbiter” (which may be a piece of middleware and may be
implemented 1n the translator 20) may be capable of taking
as an mput a fully formed datum (e.g., a unit of content, like
a document or value in a database), starting from the last
byte of the data, fragmenting that data into N pieces (where
N 1s an integer larger than 1, and 1n many commercially
relevant cases larger than 5 or 10, and in some cases can be
relative to the size of the 1nitial data), and placing each piece
on a physically (or virtually) separate blockchain-backed
storage data structures, with each piece contaiming pointers
to the next storage location of the fragmented data. In some
embodiments, the arbiter (or other middleware) then returns
the TXID (or other node identifier) of the last written
fragment (the first byte) to the application which requested
the fragmenting of the data.

When an application or resource requests the reassembly
of fragmented data, an arbiter (or other piece of middleware)
1s supplied with the TXID (or other node identifier) of the
first byte of the data, 1n some embodiments. After reading
the first byte, 1n some embodiments, the arbiter or middle-
ware then reads the subsequent pointers until a null character
or end of sequence character 1s read. Once all of the pieces
have been read into memory, the arbiter or middleware
respond to the application with the resultant unifragmented
datum.

In some embodiments, other data structures, such as files
or databases can be used to store the fragments. Additionally,
some embodiments pre-process the data and count the
number of pieces that are required from the beginning before
fragmenting the data.

An additional enhancement in some embodiments 1s the
fragmenting of the data into tree-like structures instead of
list-like structures, which, during read operations, are
expected to accommodate concurrency and reduce operation
time.

In some embodiments, when reading or writing scattered
data, the execution operation along with other meta-meta
data such as user credentials may be written to an ‘auxiliary’
chain for the purposes of auditing access to scattered data.

Advantageously, the blockchain data structures may
impede or prevent modification of the stored data fragments.
Further, some embodiments may store the data with some
redundancy across fragments, ¢.g., with Hamming codes or
Turbo codes, such that even if one blockchain 1s compro-
mised, fragments from other changes would be inconsistent
with modified data and signal the compromise. Fragmenting
the data 1s expected to facilitation concurrent data validation
on the different chains, thereby expediting read operations 1n
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some embodiments. Further, fragmenting the data 1s
expected to make the data more robust to attacks on 1ndi-
vidual peer machines, as even 1f a peer machine 1s compro-
mised, only a relatively small fragment 1s at risk. That said,
not all embodiments provide these benefits, as multiple
independently useful inventions are described, and various
engineering and cost tradeoils may result 1n performance
advantages 1n one aspect being deployed to improve another
aspect, e.g., using faster algorithms to accommodate slower,
cheaper hardware.

To implement these techniques and others, some embodi-
ments may execute a process 100 shown i FIG. 4 to
fragment documents and distribute the fragments across
multiple storage compute nodes 26 having multiple, differ-
ent directed acyclic graphs, 1n some cases with each of those
directed acyclic graphs being replicated on multiple storage
compute nodes. In some embodiments, the data being stored
may be individual values and individual fields having indi-
vidual portions of records of a database, such as a value at
a given row and column position 1 a given table. In some
cases, the data being stored as a unit may include metadata,
like a primary key, table identifier, database 1dentifier, and
tenant 1identifier. In some embodiments, the data being stored
may be a document like those described above that 1s larger
than an individual value.

In some embodiments, the process 100 may include
receiving a write request to write values to a database, as
indicated by block 102. In some embodiments, this opera-
tion may be performed by the security driver 30 described
above. In some embodiments, the write request may be a
request to write a value with a structured query language
statement to the low-trust database 14, or a request to write
to a file 1 a file system. Or 1in some cases, the values subject
to subsequent operations may be values already stored 1n a
lower-trust database 14 or file system, for example, values
processed during an installation process by which a lower-
trust database 14 1s secured by moving data into the secure
distributed storage 16 described above.

Next, some embodiments may classify values as higher or
lower security, as indicated by block 104. For example, a
write request may specily that a given record 1s to be added
to a new row 1n a table, and that record may specity a tuple
in which values are assigned to each of several fields, each
corresponding to different columns in the table. In some
cases, some of those fields may be lower-security, while
other fields may be higher-security. In some embodiments,
the security driver 30 may include a table that maps table/
ficld combinations to security designations, for example,
binary values indicating whether the values are lower or
higher security values. Or some embodiments may use the
other types of data security policies described below. For
example, a Social Security number field may be a higher-
security value, while a username in a public-facing account
may be a lower-security value. In another example, credit
card information like a credit card number may be a higher-
security value, while a ZIP Code 1n a mailing address may
be a lower-security value.

Next, some embodiments may cause the database to store
the lower-security values, as indicated by block 106. In some
cases, this operation may include modilying a SQL state-
ment or other database command recerved by the security
driver 30 from the application 28 and providing the modified
command to the database driver 32. For example, some
embodiments may modily portions of the received com-
mand that would otherwise specity that the higher-security
values are to be written to the lower-trust database 14. In
some cases, the modification takes the form of moditying the
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values themselves rather than reserved terms in the com-
mand, such that modified values are written to the lower-
trust database 14 in the positions that the corresponding
higher-security values were going to otherwise be written by
the application 28 (thereby maintaining relationships stored
in the database). Or pointers may be written to directories 1n
a lile system 1n place of files or other documents. For
example, some embodiments may cause node 1dentifiers or
other pointers to nodes to be written, for example, 1dentifiers
of segments of the data to be written that are formed 1n
operations described below, like a first segment.

Next, some embodiments may determine whether there
are more higher-security values that were identified to
process, as indicated by block 108. In some cases, some
embodiments may iterate through each of the higher-secu-
rity values, or process some or all of the higher-security
values concurrently, and operation 108 may determine
whether the full set has been processed. Upon determinming
that all of the higher-security values that were classified have
been processed, some embodiments may return to block 102
and wait for a next write request. Alternatively, some
embodiments may select a next value that 1s higher security,
as 1ndicated by block 110, for subsequent operations.

Next, some embodiments may segment the current value
into a plurality of segments, as indicated by block 112. As
noted above, the current value 1n some cases may be an
individual value for an individual field of an individual row
of a database, or 1n some cases the value may include
additional information, such as an entire row, or a value that
associates a value 1n the database with a table and primary
key for that row. Or 1n some cases, the value may be a
document like that described above that may include addi-
tional data.

Next, some embodiments may segment the current value
into a plurality of segments, as indicated by block 112. In
some cases, the value may be segmented by character
position 1n the sequence or byte position 1 a sequence of
bytes, for example, segmenting each sequential byte 1n a
serialized representation of the value or each sequential four
bytes. In some embodiments, segmenting may include seg-
menting with the entropy coding techniques described
above. For example, some embodiments may segment
according to a dictionary coding 1n an entropy coding of the
value, for example, with each dictionary entry correspond-
ing to a diflerent segment. In another example, segmenting
may include an operation that breaks up the value into
multiple segments that each contain nonconsecutive por-
tions of the value, for example, placing every fifth byte into
a first segment starting with a first byte, placing every fifth
byte 1n a second segment starting with a second byte, placing
every {ifth byte 1n a third segment starting with a third byte,
and so on. In some embodiments, values may be segmented
into a specified number of segments, for example, dividing
the value into fourths, such that one fourth of the bytes by
which the value 1s encoded go into a first segment, one
fourth into a second segment, one fourth into a third seg-
ment, and one fourth into the fourth segment.

In some embodiments, values may be segmented with
techniques from network coding (e.g., linear network cod-
ing) such that resulting segments are combined 1n a bit-wise
operation to reconstruct the value. For instance, a given
value 64 bytes long may be segmented 1nto two 64 byte
segments that when combined 1n a bit-wise XOR operation
produce the original value. In some embodiments, some of
the segments may contain redundant information relative to
other segments. For example, some embodiments may
encode data before segmenting or during segmenting with
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Hamming codes or Turbo codes, such that if two of three
consecutive segments are available, the information and the
other segment can be re-created, or such coding may be
applied with less redundant information such that errors 1n
one segment render that segment inconsistent with the
redundant mnformation in an adjacent consecutive segment.
In some embodiments, the segments may be represented as
a sequence or 1n some cases, the segments may be repre-
sented 1n other data structures. For example in some cases,
the segments may be represented as a collection of paths
through a prefix tree.

Next, some embodiments may cause the database, such as
the lower-trust database 14, to store a pointer to a first
segment, as indicated by block 114. In some cases, this
operation may further include causing a record to be added
to an 1index maintained by the translator 20 that associates
that pointer, which may be a unique segment identifier,
which 1n some cases may be an identifier of an individual
node 1n a data structure like that directed acyclic graphs 70
described above, or an individual attribute of a node 1n that
data structure, with an address of the directed acyclic graph.
In some cases, the association may be with a plurality of
addresses each corresponding to a different replicated
instance of the directed acyclic graph, such as a plurality of
different uniform resource 1dentifiers that are mapped by the
DNS 18 to Internet protocol addresses and port numbers of
the corresponding storage compute nodes 26 storing those
different 1nstances of the directed acyclic graph and in some
cases performing the above-described operations by which
nodes are formed and data 1s verified. In some embodiments,
causing the database to store a pointer to the first segment
may 1nclude performing the above-described operations by
which a write command received from the application 28 1s
modified to replace the higher higher-security values with
the pointers before providing that command to the database
driver 32.

Some embodiments may iterate through each of the
segments, causing each of the segments to be stored and
determining in each iteration whether there are more seg-
ments to process, as indicated by block 116. Upon deter-
mimng that there are more segments for a given value to be
processed, some embodiments may select a next segment, as
indicated by block 118. Some embodiments may then select
a computing device, such as a computing device executing
one of the above-described storage compute nodes 26, to
store the current segment, as indicated by block 120. In some
cases, a list of the storage compute nodes 26 may be
maintained 1n a circular linked list, and some embodiments
may maintain a pointer that 1s advanced with each storage
operation, causing the pointer to cycle through the list, and
using the pointed-to storage node to store the current seg-
ment. Or some embodiments may select storage compute
nodes 26, for example, with a random number or with a
pseudorandom value generator, such as a linear shift register.
In some embodiments, storage compute nodes to store a
given segment may be selected based on a unique 1dentifier
assigned to the segment. In some embodiments, the unique
identifier may be a hash value based on content of the
segment, and a prefix or suilix of the hash may uniquely
identiy one of the storage compute nodes 26. In some
embodiments, such a prefix or suthx may uniquely 1dentily
a directed acyclic graph 70, which may be replicated on
multiple stores compute nodes. In some embodiments, the
content of the segment 1tself may be hashed, and a prefix or
sullix may specily one of the above-describe storage com-
pute nodes 26 or an 1nstance of a directed acyclic graph that
may be replicated on multiple stores compute nodes 26. For
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example, 64 different directed acyclic graphs may be main-
tained, each replicated three times, and a trailing six digits
of a binary representation of a hash of the content of the
segment may specily a value that ranges between zero and
63, and that value may serve as an identifier of one of the
directed acyclic graphs to which that segment is to be stored.
In some embodiments, selecting a directed acyclic graph
may cause one or more, such as three, computing devices to
be selected, those being the computing devices that store and
maintain the corresponding directed acyclic graph.

Next, some embodiments may 1nstruct the selected com-
puting device to store the segment in memory 1n association
with a pointer to a previous segment, as indicated by block
122 (except for a first-segment, which may not have a
pointer to a previous segment). In some embodiments, this
may 1include the above-described translator 20 sending
mstruction to each of an odd numbered set of storage
compute nodes 26 replicating one of the directed acyclic
graphs 70 to form a node 1n which the segment content and
the pointer serve as one or more attributes of that node, such
as one of the above-described leal nodes 88 through 94. In
some embodiments, forming this node may further include
forming cryptographic hash pointers to that node through the
above-described types of data structures by which different
directed acyclic graphs may be formed, for example,
through higher levels of a hierarchy 1n a binary tree, 1n some
cases adding additional blocks to a linked list of blocks, each
block having a diflerent binary tree and link to previous
blocks according to cryptographic hash pointers like
described above.

Next, some embodiments may return to determine
whether there are more segments 1n association with the
current value. Upon determining that there are no more
segments, some embodiments may return to block 108 and
determine whether there are more higher-security values to
process. In some embodiments, multiple values may be
processed concurrently. In some embodiments, values may
be segmented from front-to-back or vice versa.

FIG. 5 shows an example of a resulting data structure 130
in which a plurality of segments are stored in different
directed acyclic graphs 132, 134, and 136, which 1n some
cases may each have the features of the directed acyclic
graphs described with reference to FIG. 3. In some embodi-
ments, the segments of a given value may be stored 1n a
content graph overlaid on each of these directed acyclic
graphs 132, 134, and 136, which may be characterized as a
verification graphs to distinguish an overlaid content graph
(and as they serve as an immutable tamper-evident log of the
values of the segments in some embodiments).

In this example, the segments 1n the content graph 138
form a linked list, with a first node of the segment content
graph 138 being stored in a leal node 139 of verification
graph 132, that first segment being designated as node 140
in the content graph. The node 140 in the content graph may
be stored as an attribute 1n node content 1n the node 138 of
the verification graph, and the content node 140 may include
a pointer 142 to a next node 1n the content graph 138, which
may be stored on a different verification graph 134. In some
cases, the pointer 142 may be characterized as an edge 1n the
content graph 138 and may be expressed as an i1dentifier of
a node 143 1n the verification graph 134 or in some cases as
an 1dentifier of an attribute 1n that node where multiple
segments are stored in different attributes of a given node of
a verification graph. In some embodiments, 1n the content
graph 138, node 140 points to another segment 144, which
may then the point to another segment with pointer 146 in
verification node 147 of verification graph 136. Verification
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node 147 may include as node content one or more attributes
that specily a final segment 1n content graph 138 designated
with element number 148. In some cases, node 148 may
specily that there are no additional nodes in the value.

As a result, even 1f a given malicious actor somehow
compromises one of the verification graphs 132, 134, or 136,
that attacker will only be able to access a set of segments of
values and will not have access to other segments needed to
complete the full value stored 1n the distributed storage 16.
Further, because the segments are stored 1n a tamper-evident
directed acyclic graph with the above-described hash point
cryptographic hash pointers, evidence of tampering will not
be computationally feasible to conceal.

Thus, FIG. 5 shows a plurality of venfication directed
acyclic graphs 132, 134, and 136, each of which may be
replicated, and each of which has nodes that may store as
node content data that encodes a content graph 138, which
in this case 1s a linked list of segments, where each segment
in sequence points to the next segment and 1ts corresponding
address, and 1n some cases attribute identifier 1n the under-
lying verification graphs.

In this example, segments are arranged 1n a one-dimen-
sional linked list, but embodiments are consistent with other
arrangements of content graphs. For example, some seg-
ments may include pointers to multiple subsequent seg-
ments, for example, 1n a skip list to facilitate concurrent
retrieval, and 1n some cases segments may be stored in
association with a segment position 1dentifier, for example,
an order in which the segments are to be sequenced to
reconstitute the segmented value by the translator 20 1n a
read operation. In another example, segments 1 a content
graph encoding a plurality of segments of an individual
value may be stored 1n a binary tree content graph, a skip list
content graph, or a combination of binary trees, linked lists,
skip lists, and the like.

Three segments for a given value are shown, but embodi-
ments are expected to include substantially more in some
cases. In some cases, binary data encoding a single text
character may be segmented, for example with a given
Unicode character being segmented into two or more seg-
ments, and a given value yielding 10 or more or 20 or more
segments, which in some cases may each be stored in
different distributed acyclic graphs, which in some cases
may each be replicated multiple times, for example 3 or
more times. Thus, a given value may be stored 1n part on 30
different storage compute nodes 26. In some cases, different
instances may be compared to determine an authoritative
copy, €.g., selecting a stored and returned value according to
a majority rule approach among the replicated instances. In
some cases, €.g., where the replicated instances of the graphs
are on permissioned computing devices, embodiments may
vote for a given value without performing a proof of work
or prool of storage operation, or where devices storing the
graphs are untrusted, some embodiments may determine
consensus with a proof of work, storage, or stake, e.g.,
according to a consensus protocol, like Paxos, Raft, or the
like. In some embodiments, e.g., 1n untrusted systems,
instances may be addressed according to Interplanetary File
System (IPFS) or with various distributed hash table
approaches.

In the example of FIG. 5, each of the directed acyclic
graphs 132, 134, and 136 1s the same type of directed acyclic
graph, in this case a linked list of binary trees, where edges
are formed by cryptographic hash pointers. In other embodi-
ments, a heterogeneous set of directed acyclic graphs may be
combined, for example with diflerent segments stored in
different types of graphs. For example, an initial segment
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may be stored 1n a binary tree, while other segments may be
stored 1n directed acyclic graphs like those shown 1n FIG. 5,
for example, 1n linked lists of binary trees.

FIG. 6 shows an example of a process 150 by which data
may be retrieved from the data structure 130 of FIG. 5 or
other data structures written to with the process of FI1G. 4. In
some embodiments, the process 150 1ncludes detecting an
application querying a database, as indicated by block 152.
In some cases, this includes executing the security driver 30
shown 1 FIG. 1 and recerving a read request sent to the
database driver 32 by the application 28 1n FIG. 1. Some
embodiments further include receiving a query response
from the database, as indicated by block 154. In some
embodiments, receiving the query response may occur after
the database driver 32 in FIG. 1 sends a query to the
lower-trust database 14, which may return a query response,
for example, a response to a SQL statement selecting certain
records that satisfy certain criteria. Or the response may be
a document accessed 1n a file system. In some embodiments,
the query response may be received by the database driver
32, which may then send the query response to the appli-
cation 28. This response may be intercepted by the security
driver 30 and modified by the security driver 30 before 1t 1s
provided to the application 28. In some embodiments, the
security driver 30 may detect pointers to segments stored 1n
the process of FIG. 4, for example, 1n a data structure of FIG.
5, and send those pointers to the translator 22 be translated
back into the values that were sent to the data structure in the
suit secure distributed storage 16, for example 1n a plurality
of segments. Thus, a given query response may include a
lower-security portion of the query response corresponding
to values 1n fields that, in the process of FIG. 4, are not
classified as higher-security values, and higher-security val-
ues that are classified as such in the process of FIG. 4, or at
least pointers to those values in the secure distributed
storage 16. In some embodiments, these pointers may be
detected with a regular expression configured to detect a
prefix or suilix labeling the pointers as such, for example,
with a sequence of reserved characters.

Thus, some embodiments may include an operation of
determining whether any pointers formed in the process of
FIG. 4 are present, as indicated by block 156, 1n the received
query response. Upon determining that at least some point-
ers are present, some embodiments may determine whether
there are more pointers to process in the query response, as
indicated by block 158. Some embodiments may 1teratively
or concurrently process each of the pointers present in the
query response from the lower-trust database 14 to replace
those pointers with corresponding value stored 1n the secure
distributed storage 16, for example, 1n the data structure of
FIG. § with the process of FIG. 4.

Upon determining that there are more pointers to process,
some embodiments may select a next pointer, as indicated by
block 160, and retrieve a segment and associated pointer 1
and associated pointer 1s stored in association with that
segment, as indicated by block 162. Segments may be
retrieved 1n reverse order or vice versa relative to the order
in the value that 1s segmented, depending on how the content
graph 1s structured, e.g., based on the order in which the
segments are written. In some embodiments, retrieving the
segments and associated pointers may include causing the
translator 20 to access an index that associates pointers, for
example, segment 1dentifiers, with one or more URLSs of one
or more computing devices storing a replicated instance of
one of the directed acyclic graphs 132, 134, or 136 storing
the segment to which the pointer points. In some embodi-
ments, the index may further identity, in association with the
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pointer, a node 1dentifier, for example, a block and path
through a binary tree, to a specific node storing as node
content in an attribute of that node the segment at 1ssue and
an associated pointer of present, for example 1f 1t 1s not the
last segment to be retrieved. In some embodiments, the
translator 20 may access the DNS 18 to 1dentify an Internet
Protocol address and port number of the secure compute
node 26 maintaining the 1identified directed acyclic graph, or
cach secure storage compute node 26 storing one of a
replicated instance of that directed acyclic graph. Some
embodiments of the translator 20 may send a request to those
storage compute nodes to return the 1dentified segment, and
the receiving storage compute nodes 26 may traverse the
edges specified by the cryptographic hash pointers in the
corresponding directed acyclic graph along a path specified
by the request to the specified node storing the segment. Or
some embodiments may navigate directly to the segment,
for example, based on a node identifier that identifies an
address 1n memory of the segment without requiring tra-
versal. In some embodiments, to expedite access, locations
of nodes 1n memory may be stored in a binary tree corre-
sponding to note i1dentifier, or 1 a sorted list, to facilitate
relatively fast access to content of nodes.

In some embodiments, the storage compute node 26 or set
of storage compute nodes 26 replicating the directed acyclic
graph, may return the specified segment to the translator 20.
In some embodiments, the translator 20 may receive mul-
tiple mstances of the requested segment, and some embodi-
ments may determine whether each of the segments match
one another or determine a content of the segment based on
a content returned by a plurality or majority of the responses,
thereby preventing a modification of one of the instances
from aflecting the authoritative content of the segment
determined by the system. That said, not all embodiments
provide this benefit, which 1s not to suggest that any other
teature described herein 1s limiting.

Some embodiments may maintain in memory a partially
or fully formed encoding of the value to which the segments
belong, and some embodiments may concatenate the
retrieved segment to a sequence of segments accumulated 1n
this value, as indicated by block 164. For example, some
embodiments may prepend or append each successive
retrieved segment to this sequence of segments. Or 1n some
big cases, the segments may come be combined with other
techniques. For example, some embodiments may combine
the segments by XOR’ing the segments to re-create the
value. The term “concatenate” 1s used broadly herein to refer
to each of these different operations by which information in
different segments 1s combined to produce the value from
which the segments were taken. In some embodiments,
segments may be retrieved out of order, for example, with
segments labeled with a value indicating a position in a
sequence, and some embodiments may sort the segments
according to this value to re-create the value from which the
segments were taken.

Next, some embodiments may return to determine
whether there are more pointers to process in block 158.
Upon determining that there are no more pointers to process,
some embodiments may proceed to form a revised version
of the query response, as indicated in block 166, in which the
pointers are replaced with the higher-security values seg-
mented and stored in the secure distributed storage 16, for
example, in the data structure of FIG. 5 with the process of
FIG. 4. In some embodiments, the replacement operation
may be performed by the above-described translator 20 or
within the security driver 30. In some embodiments, the
revised version of the query response may include the
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replacement values 1n the same position, in the same for-
matting as the pointers within the query response, thereby
maintaining associations between diflerent values and meta-
data 1n the query response, for example, associations 1in
which records are distinguished and associations in which
values are indicated as applying to particular fields in those
records. In some cases, where no pointers are present, the
revised version ol the query response may be an unaltered
version of the query response, upon determining that no
pointers are present i block 156.

Next, some embodiments may provide the revised version
of the query response to the requesting application, as
indicated by block 168. In some cases, the revised version of
the query response may be advanced by the security driver
30 to the application 28 1n FIG. 1 according to an application
program 1interface of the database driver 32, such that an
application 28 configured to interface with the database
driver 32, but not designed with the security driver 30 1n
mind, will transparently receive the query data without
needing to be reengineered to interface with the secure
distributed storage 16.

In some embodiments, the write operations of FIG. 4 or
the read operations of FIG. 6, or both, may be performed in
different portions of the system of FIG. 1 (or other systems)
than those described. For example, in some cases, these
operations may be performed by a database management
system or a database gateway by which client devices
communicate with the database. In some embodiments,
these operations may be performed by a dedicated appliance
on a network through which client computing devices access
a database. In some embodiments, these operations may be
performed entirely within a single computing device, for
example, as part of a monolithic application 1n which the
teatures of the secure distributed storage are operated within
a single computing device, or on a single device 1n which the
different components execute 1n different containers or vir-
tualized operating systems accessed via a loopback Internet
protocol address.

Generation of Hash Values within a Blockchain

As noted above, blockchains generally allow for small
bits of information to be stored in an immutable data
structure; the moment data 1n the chain 1s altered, the chain
1s broken and generally can no longer function. The most
common blockchain implementation 1s the publicly acces-
sible Bitcoin ledger (for which blockchains were designed).

However, many extant blockchain systems are not well
suited for certain use cases. Blockchains are typically immu-
table, and therefore once data 1s committed to the chain,
under most circumstances it 1s considered permanent. This
can lead to scalability challenges as the chain can grow to be
very large with no ability to reduce the size of the chain
(none of which 1s to suggest that systems with immutable
blockchain are disclaimed for all embodiments or are incon-
sistent with some 1implementations).

These, and other problems, are mitigated by some
embodiments of the system introduced above referred to
below as “Docuchain.” Docuchain, 1n some embodiments, 1S
a blockchain software suite for low-latency put and get
operations of BLOBs. Docuchain, in some embodiments,
uses an 1mproved version of a hash function for a block-
chain.

Docuchain, 1n some embodiments, makes use of abstract
functions (a term which 1s used generically to also refer to
methods and other routines) to define which properties of
individual blocks are used 1n creating the block hash (some-
times referred to as Merkle root). By variating the properties
that are used to construct this hash, some embodiments
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increase or decrease the ambiguity of the hash output. In
some embodiments, a lambda function can be passed 1n to
the constructor of BlockManager, which receives a block
entry as a parameter and returns the values to be passed nto
the hash function, as defined by ‘H’ 1n the expression
BlockManager<H, T>.

For example, 11 only the block’s data i1s used in the
generation ol 1ts Merkle Root, it would be possible to
remove the head of the chain without consequence of
breaking the chain itself. Alternatively, if systems use the
data, the position, and potentially even more specific prop-
erties such as read/write times, the chain becomes com-
pletely immutable and must (1n some implementations) stay
intact in 1ts entirety in order to be functional.

Some embodiments add this degree of control by remov-
ing the in-chain scripting language component and adding
the ability for the hashed value to be controlled as part of
configuration rather than part of source code. In some
embodiments, the hash function accepts data that i1s not
contingent on a block’s position within a chain. In some
embodiments, the hash function accepts as input only values
that can be re-created 1n another chain.

In other embodiments, a similar output as a result of this
functionality could be produced by conducting a sort of
refactoring on a chain. This operation may include writing,
all of the data intended to be kept to a new chain, and then
updating all referential TXIDs (or other pointers like those
described above) 1n any external data stores that exist.

To implement these approaches and others, some embodi-
ments may execute a process 170 by which a cryptographic
hash function 1s configured to make 1t 1s feasible to recom-
pose portions of directed acyclic graphs having edges speci-
fied by cryptographic hash pointers formed with the cryp-
tographic hash function, for example, to accommodate
directed acyclic graphs that have grown larger than a thresh-
old size and break those graphs into smaller portions or
spawn new directed acyclic graphs that link back to those
directed acyclic graphs.

In some embodiments, the process 170 may be performed
by the storage compute nodes 26 of FIG. 1, but 1s not limited
to that implementation, which 1s not to suggest that any other
description herein 1s limiting. Indeed, the operations of
process 170 may be applied to other types of directed acyclic
graphs having cryptographic hash pointers as edges, for
example, 1 block chains used for cryptocurrencies and 1n
distributed tamper-evident ledgers used for other purposes.

In some embodiments, the process 170 includes obtaining
a tamper-evident log, as indicated by block 172. In some
embodiments, the tamper-evident log 1s one of the directed
acyclic graphs discussed with reference to FIGS. 3 and 5 and
may take a variety of different forms. In some embodiments,
the tamper-evident log includes a sequence of nodes, or
blocks that are collections of nodes, for example, each block
being a binary tree of nodes. In some embodiments, the
tamper-evident log may indicate through the topology of a
directed acyclic graph a sequence with which entries 1n the
log are added. In some embodiments, each entry may be
characterized as a node or as a block in the tamper-evident
log.

Next, some embodiments may obtain a plurality of
records to be protected, as indicated by block 174. In some
cases, the records may be the segments or documents (which
1s not to suggest that a document cannot be a segment)
discussed above. In some cases, the records to be protected
may be obtained by the storage compute nodes 26, for
example, upon being received from a translator 20 like that
described with reference to FIG. 1.
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Some embodiments may iteratively or concurrently pro-
cess the records and determine whether there are more
records to process, as indicated by block 176. Upon deter-
mining that there are no more records to process, some
embodiments may return to block 174 and wait for addi-
tional records to process. Upon determining that there are
more records to process, some embodiments may proceed to
select a next record, as indicated by block 178, among the
unprocessed records.

Some embodiments may then access content of a most-
recent entry of the tamper-evident log, as indicated by block
180. In some cases, the most-recent entry may be a last block
written to the log or a last node within a component of a
block, like a leaf node or higher-level node 1n a binary tree
in a block. In some cases, the accessed content may be one
or more attributes of the most recent entry, such as one or
more attributes of node content. In some embodiments,
those attributes may 1nclude those like which are described

above with reference to nodes in the directed acyclic graphs
described with reference to FIGS. 3 and 5.

Next, some embodiments may access an abstract crypto-
graphic hash function, as indicated by block 182. The term
“abstract” refers to a programming construct by which the
specific implementation of a function or method 1s defined
by other code than that having a placeholder designating the
function as abstract (e.g., an object, class, subroutine, or
function), and 1n some cases certain aspects of the abstract
function are defined 1n other code, for example in a class
definition 1 an object-oriented programming language,
where a non-abstract implementation of the abstract function
1s defined upon implementing an object 1n the class. In
another example, the abstract function may be specified as
abstract by code configured to receive a lambda function
from a calling body of code or from a body of code that calls
that 1s called by the body of code that receives the lambda
function. In some cases, the implementation may have
access 1o the scope of the body of code having the reference
to the abstract function, e.g., an instance of an object 1n an
abstract class or a method that receives the lambda function
as a parameter.

Some embodiments may determine that an abstract cryp-
tographic hash function has been accessed, for example,
upon detecting the presence of a reserved term indicating
that this type of function or method has been accessed.

Some embodiments may then determine an implementa-
tion of the abstract cryptographic hash function, as indicated
by block 184. In some cases, the implementation may be
determined as part of instantiating an object within an
abstract class, and 1n some cases, the implementation may be
determined by receiving a lambda function defined by
calling code or called code. In some embodiments, the
implementation may specily a cryptographic hash algo-
rithm, such as SHA-256 or the other examples described
above, or 1 some cases the type of cryptographic hash
function may be specified 1n the specification of the abstract
cryptographic hash function, leaving other aspects of the
algorithm to be configured 1n the implementation. In some
embodiments, the implementation may specily which iputs
are processed by the cryptographic hash function to deter-
mine an output, while the abstract representation of the
cryptographic hash function may not specity which inputs
are used in the mmplementation. Thus, a single abstract
cryptographic hash function may be implemented a variety
of different ways within a given body of code, for example,
calling those different ways at different times 1n different
scenarios based on different criteria.
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In some embodiments, the implementation of the abstract
cryptographic hash function that 1s determined 1n block 184
may specily that certain types of inputs are to be used in
calculating the cryptographic hash value output. In some
embodiments, those types of inputs may be selected among
a subset of attributes 1n node content accessed 1n block 180,
such as attributes and node content of an adjacent node of a
node that 1s to be added to the tamper-evident log. In some
embodiments, the types of inputs may be position-agnostic
inputs, such as node attributes that do not indicate a position
of the node accessed 1n block 180 within the tamper-evident
log obtained in block 172. For example, the selected types
of inputs may exclude timestamps, dates, counter values that
indicate a position 1n a sequence that 1s specific to a graph,
like an array index, or the like. In some embodiments, the
position-agnostic inputs that are selected may include i1tems
like attributes that specily a segments content or document
content stored in the most-recent entry. In another example,
the attributes of the access node content used as the position-
agnostic mput to the implemented cryptographic hash func-
tion may include a cryptographic hash value of a crypto-
graphic hash pointer to another node that 1s pointed to by the
node accessed 1n block 180, thereby preserving the benefit
of chaining cryptographic hash pointers.

In some embodiments, the same 1mplementation of the
cryptographic hash function may be applied to calculate
cach cryptographic hash value 1n each cryptographic hash
pointer of a directed acyclic graph encoding the tamper-
evident log obtained in block 172. Or 1n some cases,
different implementations may be accessed at diflerent times
for different directed hash pointers. For example, each
directed edge encoded by a cryptographic hash pointer may
also include a value that 1dentifies the implementation, for
example, a value that indicates whether the edge 1s specified
with a position-agnostic implementation of the abstract
cryptographic hash function or a position-dependent imple-
mentation, the position-implement dependent implementa-
tion including as inputs the types of values described above
as non-position-agnostic, for example, timestamps dates,
position indices, and the like. In some embodiments, the
position-agnostic implementation may be selected upon
determining that the tamper-evident log 1n a given directed-
acyclic graph, or portion thereof, has reached a threshold
s1ze and that a new directed acyclic graph storing subsequent
entries to the tamper-evident log 1s to be created, while the
other cryptographic hash function implementations that are
not that are position dependent may be used at other times.
Or to simplily the code, the same position-agnostic imple-
mentation may be used for each cryptographic hash pointer.

Next, some embodiments may calculate a cryptographic
hash value with the implementation determined 1n block 184
based on the accessed content from block 180, as indicated
by block 186. In some embodiments, the process 170 further
includes forming content of a new entry to the camper-
evident log that includes the hash value calculated i block
186 and the current record selected in block 178, as indi-
cated by block 188. In some cases, forming new content may
include modifying an existing entry or creating a new entry.
In some embodiments, forming content may include adding
values to attributes in the content of the new entry, such as
attributes 1n the above-described nodes 1 the graphs of
FIGS. 3 and 5. In some embodiments, the hash value in the
current record may be separately labeled as distinct attri-
butes in the formed content, or 1n some cases these values
may be combined, for example, with a single cryptographic
hash value based on both the accessed content from block
180 and the current record. In some embodiments, the
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current record may be stored remotely, while a hash digest,
such as a cryptographic hash value based on that content
may be stored in the tamper-evident log obtained in block
172. Or some embodiments may store the current record 1n
the log 1tself to expedite access 1n accordance with some of
the techniques described above, for example, with reference
o FIGS. 2 and 3.

Next, some embodiments may prepend the new entries to
the tamper-evident log, as indicated by block 190. In some
embodiments, this may include adding a new entry to a
sequence of entries, such as to the sequence of blocks 172,
174, and 176 1n a data structure 70 of FIG. 3. The term
“prepend” does not require any particular array index or
position 1n some programming construct, as long as the new
entry 1s designated implicitly or explicitly 1in the tamper-
evident log as being newer than existing entries 1n the
tamper-evident log or otherwise older-entries.

Some embodiments may then determine whether a size of
the log 1s greater than a threshold, as indicated by block 182.
In some embodiments, this may include determining
whether the size of the log 1s greater than or equal to the
threshold, a configuration also consistent with the designa-
tion greater than, which 1s used generically herein. Upon
determining that a size of the log 1s not greater than the
threshold, some embodiments, may return to determine
whether there are more records to process in block 176. In
some embodiments, the size may be measured by an amount
of blocks, an amount of nodes, or an amount of data stored
within the directed acyclic graph, for example, measured in
megabytes.

Upon determining that a size of the log does exceed the
threshold, some embodiments may proceed to split the
tamper-evident log into an older tamper-evident log and a
newer tamper-evident log, as indicated by block 194. In
some embodiments, the split tamper-evident logs may each
be of the same types of directed acyclic graphs, 1n some
cases with the older tamper-evident log being larger at the
time of the split. In some embodiments, splitting may be
performed by determining to not prepend the new entry or
the next entry after the new entry to the tamper-evident log
and 1nstead instantiating a new directed acyclic graph to
receive a subsequent entry. In some embodiments, the older
and newer tamper-evident logs may each be of the same type
(e.g., class of topologies) and have the attributes of the
directed acyclic graphs described with reference to FIGS. 3
and 5. In some embodiments, the system may cease adding
new entries to the older tamper-evident log and continue
adding new entries to the newer tamper-evident log until that
log exceeds the threshold, 1n which case some embodiments
may then split that newer tamper-evident log into a yet
newer tamper-evident log, continuing indefinitely to grow
the number of tamper-evident logs.

In some embodiments, an initial node or block 1n those
tamper-evident logs may include a cryptographic hash
pointer to the older tamper-evident log, for example, a
cryptographic hash value based on a root node of a newest
block of a consecutively older tamper-evident log. In some
embodiments, this referenced content may be used to gen-
crate a seed value like 1 block 78 of FIG. 3 and may be
associated with an identifier of the older tamper-evident log.
In some embodiments, the newer tamper-evident log may be
instantiated on a diflerent storage compute node 26 1n FIG.
1 from that of the older tamper-evident log, or it may be
instantiated on the same storage compute node 26.

Thus, some embodiments may reconfigure directed acy-
clic graphs while maintaiming provable tamper resistance,
thereby accommodating arbitrarily large data sets.
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Transparent Client Application to Arbitrate Data Storage
Between Mutable and Immutable Data Repositories

As noted, in many cases, traditional databases are not
sufliciently secure. Many mainstream databases provide
some level of permissioning, but oftentimes these permis-
sions are broad and diflicult to manage, which leads to the
opportunity for attack and misuse. Further, most widely
adopted databases implement transactional SQL ('T-SQL) or
a similar variant. In most implementations, poor design
practices and legacy code can present vulnerabilities such as
SQL 1njection attacks, which trick the database into return-
ing potentially sensitive and umintended data. Additionally,
there 1s very little auditability and permissioning for indi-
vidual cells within a table other types of individual table
values. Moreover, most database management systems rely
on a dniver that lives on the database client’s machine.
Oftentimes, these clients are open source and easily avail-
able, making exploitation easier. (None of this 1s to suggest
that some embodiments may not also be afilicted with
subsets of these problems, as several inventions are
described and those inventions can be used independently
without addressing every problem described herein.)

To address such concerns, various approaches have been
implemented to secure stored data. Examples include air-
gapping the database or carefully managing permission to
access the database. Many approaches, however, are diflicult
to administer (e.g., using baroque permission schemas), are
slow (e.g., air-gapping), or break backward compatibility
with expensive enterprise applications that expect a particu-
lar database driver interface, none of which 1s to suggest that
any of these approaches are disclaimed 1n all embodiments.

Some embodiments mitigate some of the problems
described above with a specialized client application that 1s
able to i1dentify sensitive data (by column type, predefined
column name, or other predefined methods). Some embodi-
ments may capture the data as it 1s being transmaitted to the
database and route sensitive data to more secure storage
mechanisms, like those mentioned above. Thus, more
secure, though potentially slightly slower, storage tech-
niques may be reserved for the most sensitive data, while
less sensitive data may be processed with faster and cheaper
less secure storage solutions, like traditional relational data-
bases. Further, in some embodiments, the client application
may abstract away from other applications this differential
routing and variation in query formats between systems.

In some embodiments, a subset of more sensitive data
may be stored by scattering the data among multiple block-
chains, as described above. Similarly, when the client appli-
cation detects that sensitive data 1s being queried (using the
same method), the client application, 1n some embodiments,
may take a TXID (or other pointer) as 1t 1s coming {rom the
database, send 1t to an arbiter instance for reassembly,
confirm that the request has valid permissioning and if so,
place the reassembled data in place of the TXID.

Because some embodiments intercept the data in the data
path, some embodiments are able to produce an additional
audit log which shows all attempts to access the data, as
described 1n greater detail below. In some cases, these access
logs can be notated with request-specific information such
as: username, geolocation, client machine IP address, etc.

Through this approach, it 1s expected that other applica-
tions that implement traditional database drivers will require
little or no scatter or blockchain-specific configuration. In
some cases, the process 15 completely transparent to other
legacy applications. Further, permissioning complexity may
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be relaxed with secure data routed to distinct, immutable,
secure data structures, as access to, and modification of, data
may be readily detected.

Certain types ol data are expected to be particularly
amenable to use with the present techniques. Often system-
access credentials, like user names and passwords, are
particularly sensitive, as entire accounts may be compro-
mised 11 such information 1s subject to unauthorized access.
Storing passwords on a local machine or 1n a database where
the entire password 1s accessible in one location provides an
casy target for threat actors looking to manipulate, steal, or
otherwise misuse authentication credentials. Other examples
include credit card numbers, social security numbers, or
health-related data.

Some embodiments interface with blockchains as a stor-
age data structure with an arbiter or other piece of middle-
ware that 1s capable of taking as an iput the full text
representation of a user credential, starting from the last byte
of that credential, fragmenting that credential into N pieces,
and placing each piece on a physically (or virtually) separate
blockchain backed storage data structure, with each piece
containing pointers to the next storage locations of the
fragmented credential. When an application or resource
requests the reassembly of a fragmented credential, 1n some
embodiments, an arbiter or piece of middleware 1s supplied
with the location of the first byte of the credential. After
reading the first byte, 1n some embodiments, the arbiter or
middleware then reads the subsequent pointers until a null
character or end of sequence character 1s read. Once all of
the pieces have been read into memory, the arbiter or other
middleware may respond to the application with the resul-
tant unfragmented credential. Some embodiments may pre-
process the credential and count the number of pieces that
are required from the beginning before fragmenting the
credential. Some embodiments may require that credentials
yield a threshold number of fragments. Some embodiments
may salt fragments or credentials before fragmentation to
defeat or impair rainbow table attacks.

These and other techniques may be implemented with a
process 1 FIG. 8, which shows an example of a process 200
that may be executed by a client computing device to
transparently retrofit an existing workload application to
interface with a heterogeneous mix of databases and, 1n
particular, with a combination of databases that includes a
higher-security database than that which the application 1s
configured to interface with as originally written, such as
databases like those described above. It should be empha-
s1zed, though, that the present techniques are not limited to
embodiments drawing upon the above-types of more secure
databases and, and some cases, may be used 1n conjunction
with other types of databases, such as another relational
database or other type of datastore, such as one that is
deemed to be higher-security or lower latency than that
which the application accessing data 1s configured to inter-
face with. In some embodiments, the process 200 may be
executed by the above-describe security driver 30, though 1t
should be noted that in some cases, some or all of the
functionality may be executed in the translator 20 1n a
database gateway, 1in a database management system, or 1n
some other computing device.

Executing the process 200 1n a client computing device,
betfore data leaves the client computing device, or upon data
arriving into the client computing device, 1s expected to
yield certain security benefits in some use cases, where for
example, the database that the workload application execut-
ing on the client computing device 1s configured to access
has been compromised. In such scenarios, it 1s likely that an
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adversary may have compromised other computing devices
on a network, and merging or splitting data at the client
computing device, immediately before or after writing or
reading respectively, 1s expected to reduce the attack surtace
of a network. That said, embodiments are not limited to
systems providing these benefits, and in some cases, these
operations may be performed in another computing device
believed to be relatively secure on a network, which 1s not
to suggest that any other feature described herein 1s limiting.

In some embodiments, the process 200 may be made
transparent to a workload application executing on a client
computing device, such as a service on one host of a
plurality of hosts executing different services 1n a micro-
services architecture, or an application executing as a mono-
lithic application on a single computing device. In some
embodiments, the process 200 may be made transparent to
that application by registering the process in the operating
system of the client computing device to appear to be the
database driver that the workload application 1s configured
to access and then wrapping an application program inter-
face of the original database driver with the operations
described below. Thus, some embodiments may be respon-
stve to the same set of application program interface
requests that a database driver 1s responsive to, while
providing additional functionality. Further, some embodi-
ments may then pass modified or unmodified application
program 1nterface exchanges between the workload appli-
cation and the database driver. In many cases, source code
of the workload application 1s unavailable or 1s expensive to
modity. Thus, retrofitting existing workload applications in
a manner that does not require changes to code of that
application 1s expected to be particularly desirable. That
said, the present techniques are also applicable 1n use cases
in which the source code 1s available for the workload
application and 1s modified to implement the present tech-
niques, which again 1s not to suggest that any other descrip-
tion 1s limiting.

In some embodiments, the process 200 includes register-
ing a security driver that wraps a database driver, as indi-
cated by block 202. In some embodiments, the security
driver may be registered 1n an operating system 1n which a
workload application (e.g., application 28 above) making
database access request described 1n subsequent operations
of process 200 1s executed, and this operating system may
also be an environment 1n which a database driver (e.g.,
driver 34 above) described below operates. In some embodi-
ments, as a result of the registration operation, when an
application sends an application program interface request to
the database driver, that request may be received by the
security driver instead, and the security driver may be
configured to then communicate with the database driver as
an 1mtermediary between the database driver and the appli-
cation within a single operating system on a client comput-
ing device.

In some embodiments, other types of access may be
handled 1n a similar fashion. For instance, some embodi-
ments may wrap a lilesystem driver to obtain exchanges
between filesystem drivers and workload applications, e.g.,
operating on documents. In some cases, a {ile system filter
driver may be instantiated that emits events indicative of
application program interface exchanges with the filesystem
driver and some embodiments may classily these events as
pertaining to higher-security documents (or not) and, in
some cases, modily the drniver behavior 1n response, e.g.,
substituting a document stored i the secure distributed
storage 16 for an access request that pertains to, e.g., a
locally stored text file with a pointer to such a document.
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Some embodiments may then include receirving a first
write request, as indicated by block 204. In some cases, this
operation may be performed sometime after registering the
security driver and may occur with relative frequency. In
some embodiments, the write request 1s like those described
above. In some embodiments, the write request 1s an appli-
cation program interface request to the database driver from
the workload application executing on the computing
device. In some embodiments, the request may be to a first
remote database, such as the lower-trust database 14
described above or some other data store. In some embodi-
ments, the first write request may specily that a set of values
are to be written to a set of fields 1 a set of records 1n a
database, which may include adding new values to new
fields to new records or modilying existing data. The first
write request may be formatted 1n a schema specified by an
application program 1nterface of the database driver and may
be operative to cause the database driver to respond regard-
less of whether the registration step of block 202 has
occurred, though the application may then proceed to oper-
ate 1 a less secure fashion in some cases as a result of
omitting operations ifrom the security driver.

Next, some embodiments may obtain a data policy, as
indicated by block 206. In some cases, the security driver 30
may maintain in memory a set of one or more policies that
cach include a set of rules, such as a policy for each
application or each lower-trust database 14.

Some embodiments may include classifying values to be
written as higher-security values or lower-security values, as
indicated by block 208. In some cases, this operation may
include selecting one or more rules from one or more data
policies, for example, based on an application writing data,
a lower-trust database receiving the data or intended to
receive the data, or other criteria. Some embodiments may
include applying one or more of the above-described rules to
cach value 1n the write request to classify that value as
higher-security or lower-security.

In some embodiments, the rules may each include one or
more criteria by which data being written to a database 1s
classified as lower-security data or higher-security data. In
some cases, these rules may include rules that designate
certain types of fields as lower-security or higher-security,
such as text fields versus integer fields, or fields within a
specified pattern. In some embodiments, the criteria may
explicitly list higher-secunity fields and lower-security
ficlds, and data may be classified as higher-security or
lower-security 1 virtue of a write request attempting to
place data into these fields. In some embodiments, the
criteria may apply a regular expression to a field 1dentifier,
such as a field name to determine whether values within that
field are higher-security or lower-security. In some embodi-
ments, the rules may apply to the content of values being
written, such that some values i a given field may be
higher-security, while other values within that given field
may be lower-security. For example, some criteria may
include a regular expression that pattern matches against the
content of values to determine whether those values are
higher-security or lower-security, for instance, designating
values that have a format consistent with a phone number,
credit card number, or Social Security number, regardless of
the field imn which they belong, as higher security.

Next, some embodiments may store the lower-security
values 1n the first remote database, as indicated by block
210. In some cases, the first remote database may be the
database that the workload application 1s configured to
interface with when 1mitially mstalled or off the shelf. Thus,
the workload application may be configured to interface
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with the first remote data face without retrofitting. In some
cases, this may include writing values to the lower-trust
database 14, for instance, consistent with the operations
described above with reference to block 106 of FIG. 4.

Some embodiments may then store the higher-security
values 1n a second remote database, as indicated by block
212. In some cases, the second remote database may be one
of the above-described higher-security databases, such as
those hosted within the secure distributed storage 16 of FIG.
1, implementing the data structures of FIGS. 3 and 5. Or 1n
some cases, the secure second remote database may be
another relational database or other type of database, for
instance, one implementing additional security features rela-
tive to the first remote database or simply being 1solated
from the first remote database. In some cases, storing the
higher-security values may include the operations described
above with reference to FIGS. 2 and 4.

Next, some embodiments of the security driver may cause
pointers to be stored, for example, storing pointers to the
higher-security values 1n the first remote database, as 1ndi-
cated by block 214. For example, this may iclude modi-
tying the application program interface request from the
workload application to the database driver to replace
higher-security values with node identifiers, segment 1den-
tifiers, document 1dentifiers, or other types of identifiers like
those described above, before advancing the modified appli-
cation program interface request to the database driver. In
some cases, the database driver may then translate the
application program interface request into commands and a
data stream appropriate to cause the first remote database to
store the pointers that identify where the corresponding
values are stored 1n the second remote database.

Next, embodiments may later read data back. In some
cases, this may include receiving a query and then receiving
a query response with the pointers included in the query
response, as indicated by block 216. In some embodiments,
the query itself may be modified, for example, where a
criterion 1n the query depends upon the content of higher-
security values. For example, some embodiments may select
all values with a modified query; then within the security
driver or the translator described above, replace pointers
with the corresponding values retrieved from the second
remote database; and then apply criteria of the original query
to those values to determine which values are responsive to
the query 1ssued by the workload application.

Some embodiments may interface with databases with the
techniques described 1 U.S. Provisional Patent Application
62/527,330, titled REPLACING DISTINCT DATA IN A
RELATIONAL DATABASE WITH A DISTINCT REFER-
ENCE TO THAT DATA AND DISTINCT DE-REFERENC-
ING OF DATABASE DATA, filed 30 Jun. 2017, the con-
tents of which are hereby incorporated by reference.

In some cases, a single query from a workload application
may spawn a cascade of iterative, subsequent queries, for
example, where join operations are performed, and in which
data 1s merged from the first and second remote databases to
determine intermediate query responses. For example, a
workload application may request mailing addresses of all
users with a credit card number that begins with the specified
sequence, and the mailing addresses and credit card numbers
may be maintained in different tables, with the credit card
numbers designated as higher-security values, and the mail-
ing addresses designated as lower-security values. In some
cases, these two difl

crent tables may be linked by a primary
key 1n one table that 1s referenced as a foreign key in another
table, and a query from a workload application may specily
a jo1n. Some embodiments may retrieve, for example, every
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record 1n the first database having pointers to values in the
second database that reflect the credit card numbers, merge
those values, determine which foreign keys in the table
having mailing addresses are responsive to the query crite-
ria, and then 1ssue a subsequent query to the first remote
database for those records. In some cases, to expedite these
operations, an 1ndex may be maintained in which the point-
ers are associated with values that indicate whether the
values are responsive to certain criteria (e.g., a threshold
number of prefix characters or suihix characters), and
embodiments may access this index to identify a subset of
pointers for which values are retrieved from the secure
datastore.

In some embodiments, these operations may be expedited
by assigning pointers or other types of unique 1dentifiers that
are based on the content of the values to which the pointers
pomnt, for example, based on cryptographic hash values
based solely on the content of the values to which the
pointers point. As a result, different 1nstances, of the same
value, for example, 1n different rows or other tuples of a
database may correspond to the same pointer. These pointers
may be said to be unique identifiers in the sense that they
umiquely 1dentily content, 1n some cases without revealing
the semantic information 1n that content, for instance, with
the cryptographic hash identifier, while still having the same
umique identifier replicated for multiple instances of that
value appearing at multiple rows and a database, for
example.

In some cases, values may be cryptographically hashed 1n
conjunction with a tenant identifier (e.g., by concatenating
the values with a delimiter before inputting to a hash
function), such as a random string of a certain amount of
entropy, like longer than 64 bytes, so that the same value for
a given tenant consistently hashes to the same pointer, while
the same value for different tenants hash to different point-
ers. Or 1n some cases, the unique 1dentifiers may be unique
between instances as well. Thus, the same value appearing
in two different rows may have a different unique 1dentifier
in each instance, though some embodiments may operate
more slowly as a result. In some embodiments, the security
driver may detect duplicate instances of a pointer when
reading back data, and cause a single request from the
second remote database for a single value to populate each
of these positions held by the different instances of the same
pointer. Thus, fields with a relatively low cardinality may
still facilitate relatively fast joints even when those fields are
designated as relatively high security, and a relatively small
number of values may populate a relatively large number of
rows.

Similar operations may be performed when writing, for
example, by grouping data classified as high security
according to the value, for example, by sorting the data and
then detecting groups of instances 1 which the values are
the same, or storing the data 1n a hash table and detecting
duplicates with hash collisions where the same values are
written to the same index of the hash table. In these
examples, some embodiments may then assign the same
umque 1dentifier to each instance in the group where this
value 1s the same, and cause that unique i1dentifier, which
may serve as a pointer, to be stored in place of those
higher-security values 1n the first remote database.

Upon replacing pointers with the values from the second
remote database, as indicated in block 218, some embodi-
ments may provide a modified query response to the que-
rying application, as indicated by block 220. In some
embodiments, the querying application may be a different
workload application from that which wrote the data, and in




US 9,881,176 B2

43

some cases, may be on a different computing device. In
some cases, data be read multiple times for a given write, or
data may be written multiple times before a most recent
version of the value 1s read.

Immutable Logging of Access Requests to Distributed
File Systems

It 1s becoming increasingly common to use third party
ofl-site data storage platforms (e.g., Dropbox™ or Google
Drive™) as well as on-site platforms (e.g., SharePoint™,
Confluence™, OwnCloud™, etc.), but 1n these systems,
auditing changes to these files becomes a diflicult and often
impractical task. In some cases, files are stored in large
contiguous chunks that pose easy access for threat-actors,
and 1n many cases, changes to the data do not yield a reliable
record by which such changes may be detected. For
instance, upon penetrating such a system, and making a
change, a threat actor may also doctor log records or other
records by which a change would otherwise be detectable.
(Again, none of which is to suggest that such approaches are
disclaimed.)

As noted above, traditional databases do not adequately
protect against threat actors or internal resources (employ-
ces, information-technology stafl, etc.) tampering the data.
To the extent such systems have audit logs, those logs are
often only as secure as the data for which access 1s logged.,
meaning that 1f the data 1s compromised, often so 1s the audit
log. Some products offer “secure storage” through the use of
password protected folders or data storage areas, however
such products generally do not provide immutable and
distributed properties and often-times their audit logs can be
modified, particularly by employees with elevated-access
credentials.

As noted above, by scattering (e.g., breaking up into
segments and distributing) files 1mto one or more block-
chains, some embodiments are able to provide immutable
and distributed properties to files. Further, since the files are
distributed, 1n some embodiments, there 1s an application
that reassembles the files. By making that reassembly pro-
cess necessary, some embodiments form a control point by
which the embodiment 1s able to produce a blockchain-
backed audit trail of every access to the files (or database
values or log entries) stored using this method.

As noted above, 1n some embodiments, data access 1s
implemented 1n an application (e.g., a client-side applica-
tion) that 1s capable of listening to events generated by an
operating system’s filesystem, reading in the changes that
caused the notification and reporting them to an application
referred to as “an arbiter” instance for scattering and storage
in blockchains. In some embodiments, the scatter opera-
tion’s resultant TXID 1s what 1s stored 1n place of the actual
data on the client’s filesystem, or similar approaches like
those described above may be implemented with the security
driver above.

When a read operation 1s requested by the filesystem, in
some embodiments, the stored TXID (or other pointer) 1s
sent to an arbiter instance for reassembly, loaded 1n place
and then that file’s default application handler 1s opened
with that file (e.g., in some cases, a PDF file would generally
be opened with Adobe Reader™). It the user does not desire
to have a filesystem reader placed on an entire filesystem or
subset of a filesystem (a directory), in some embodiments, a
user could scatter a file by accessing a context menu and
directing the file to be placed 1n ScatterFsS.

Finally, in some embodiments, an application program
interface (API) may be exposed so that any third party
application can pass a file-handle, bufler or other data-
stream for scattering and storage.
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Thus, some embodiments may distribute data among
multiple computing devices, 1n some cases 1n a peer-to-peer
network hosting an immutable distributed data structure,
like a blockchain, and those embodiments may log and store
access records 1n another (or the same) blockchain, thereby
monitoring a necessary control point to access the data and
creating an immutable record of such access attempts. It
should be appreciated that the present techniques are not
limited to blockchain-based distributed databases, and simi-
lar techniques are contemplated for other distributed file

systems, ¢.g., Network File System, Self-certifying File
System, Server Message Block, MapR FS, Amazon S3, and

Starfish distributed file systems.
In some embodiments, logging and log analysis may be

implemented with a process 230 shown in FIG. 9. In some
embodiments, the process 230 may be executed at least 1n
part by a system implementing one or more of the above-
described techniques. In some embodiments, logging may
be mmplemented on a computing device that serves as a
chokepoint in the aggregation or disaggregation of informa-
tion being stored into or read from a distributed data store
like that described above or other types of distributed data
stores. In some embodiments, the information may be dis-
tributed 1n such a way that each unit of content requires
information from different computing devices to be accessed
(e.g., 1n virtue of segmenting or separation of encryption
keys from cyphertexts), and that information from different
computing devices may be aggregated by a computing
device that causes logging in a tamper-evident log. Simi-
larly, write operations may be logged by a computing device
that causes the mformation to be broken up and distributed
among the different computing devices (e.g. with segment-
ing or separation ol cyphertexts from encryption keys, or
combinations thereof). Thus, 1n some cases, logging occurs
during each access operation 1n virtue of logging being
ellectuated by a computing device necessary to read or write
information that 1s otherwise naccessible unless the infor-
mation passes through that computing device that causes
logging. In some embodiments, the information may be
logged 1n a tamper-evident, immutable log like that
described above, 1n some cases 1n the same data structures
that store the information being accessed, such as workload
content like database entries and various types of documents
in a file system. In some cases, logging may be eflectuated,
for example, caused by the above-described translator 20 of
FIG. 1, but embodiments are not limited to that implemen-
tation, which 1s not to suggest that any other description 1s
limiting.

In some embodiments, the process 230 includes receiving,
a request to access a distributed data store, as indicated by
block 230. In some embodiments, the request may be a read
request or write request. In some embodiments, the right
request 1s accompanied with a unit of content, such as a
value being displaced with a pointer in the lower-trust
database 14 in accordance with the above-described tech-
niques, or a document being replaced by a pointer 1n a
lower-trust file system 1n accordance with the above tech-
niques, which 1s not to suggest that documents cannot be
stored 1n a database as values 1n that database or the any
other description herein 1s limiting. Similarly, and some
cases, a read request may be accompanied with a pointer
stored 1 a lower-trust data store in place of the unit of
content and read in accordance with the above techniques. In
some cases, the unit of content to be accessed 1s referenced
with a pointer to a segment that serves 1n a first segment in
a content grait like that described above, such as a linked list
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ol segments where different segments of the unit of content
are distributed among different tamper-evident directed acy-
clic graphs.

In some embodiments, the process 230 may include
aggregating or disaggregating units ol content pertaining to
the access request, as indicated by block 234. In some
embodiments, this may include the segmentation operations
described above with reference to block 112 or the joining
of segments described above with reference to block 164. In
FIGS. 4 and 4, respectively. Alternatively, or additionally,
this may include encryption and separation for storage of
cyphertexts from encryption keys or bringing separately
stored encryption keys and cyphertexts together to effectual
decryption.

Before or after aggregating or disaggregating (which 1s
not to suggest that any other step herein 1s limited to the
sequence described 1n the present example) some embodi-
ments may cause logging of the access request 1n an entry in
a tamper-evident log, and logging may be caused with a
computing device participating 1n aggregating or disaggre-
gating the units of content, as indicated by block 236. In
some embodiments, logging may be caused by a computing
device necessary to make the units of content accessible
through the aggregating or disaggregating. In some embodi-
ments, logging may be caused by the above-described
translator 20, which 1s not to suggest that the translator 20
1s required 1n all embodiments consistent with all of the
present techniques, or that any other description herein 1s
limiting.

In some cases, causing logging includes selecting one or
more of the above-described directed acyclic graphs, like
those discussed with reference to FIG. 5 and stored 1n the
storage compute nodes 26 of FIG. 1. In some cases, causing
logging 1ncludes sending an 1nstruction to one or more of
those directed acyclic graphs (e.g., to a service monitoring,
a network socket and managing the graph responsive to such
instructions) to store a record describing a logged event 1n
the directed acyclic graphs, for example, storing the record
as a document 1n accordance with the techniques described
above with reference to FIGS. 2 and 3, and 1n some cases
fragmenting the record into multiple segments 1n accordance
with the techmiques described above with reference to FIGS.
4 and 5. Or 1n some cases, the record may be stored outside
of the tamper-evident log, and a cryptographic hash of the
record and a timestamp of the record may be stored as node
content ol one of the above-described tamper-evident
directed acyclic graphs having cryptographic hash pointers
as edges. In some embodiments, 1n virtue of these graphs,
modifications to records describing log entries may be
computationally infeasible to conceal, as the chain sequence
of cryptographic hash values in the directed acyclic graphs
based upon those records may create an insurmountable
computational challenge to calculate hash collisions along
the entire sequence of a path through the directed acyclic
graph that collides with the values produced by the original
unaltered record. (It should be noted that attributes of nodes
may be stored i edges or vice versa.)

In some embodiments, the process 230 includes logging
entries that describe a variety of diflerent aspects of the
access request. In some embodiments, the entry 1s docu-
mented with a record that includes an identifier of a user
account making the access request, an 1dentifier of an
application, such as a workload application through which
the access request was submitted, a content of the access
request, such as a command including content to be written
or 1dentifying units of content to be read. Such records may
turther include a timestamp, such as a date or date and time
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indicating when the access request was recerved. The
records 1n some cases may include a geolocation of a
computing device submitting the request. In some embodi-
ments, such records documenting entries in the tamper-
evident log may further include identifiers of computing
devices through which the access requests were submitted to
the above-describe system, such as MAC addresses, Internet
Protocol addresses, browser fingerprints, hardware finger-
prints, or the like.

Some embodiments may store the tamper-evident log in
memory, as indicated by block 238, which 1n some cases
may include adding a new entry or modifying an entry 1n a
tamper-evident log already stored in memory, which may be
replicated in multiple mstances in accordance with the
techniques described above. This may include forming part
of a block to be added at a later time to such a log, e.g., a
blockchain.

Some embodiments of the process 230 may include
validating the tamper-evident log, as indicated by 240.
Validation may include determining whether the tamper-
evident log indicates that logged entries have been modified
alter being logged. In some embodiments, this operation
may include accessing a current log version of an entry and
then calculating a cryptographic hash value based on that
current log entry. Some embodiments may then compare that
current cryptographic hash value to one or more other
cryptographic hash values 1n the tamper-evident log, for
example, some embodiments may compare that crypto-
graphic hash value to a cryptographic hash value stored in an
adjacent node 1n one of the above-described directed acyclic
graphs to determine whether the cryptographic hash values
match or, if they do not match, indicate that the record was
modified. In some embodiments, a sequence ol crypto-
graphic hash values based upon one another may be calcu-
lated to determine which match and identily a path through
a directed acyclic graph to a node where the cause of a
discrepancy resides. In some embodiments, validation may
occur upon each write operation, periodically, upon each
read operation, or according to some other schedule or
event.

Detectability of tampering may deter threat actors from
modifying log entries or maliciously accessing data 1n virtue
of the difliculty of modifving log entries in a concealable
manner. Further, some embodiments may fragment log
entries 1n accordance with some of the above-describe
techniques, further making modifications dithicult, as a het-
erogencous set ol different computing devices on different
networks may need to be compromised to modily each
segment even 1f a threat actor somehow was able to com-
promise the mechanmisms by which tampering i1s imdicated.

In some embodiments, the process 230 includes deter-
mining whether the validation operation evinces tampering,
as indicated by block 241, for example indicating a mis-
match between cryptographic hash values within a directed
acyclic graph. Upon detecting tampering, some embodi-
ments may emit an alarm, as indicated by 242. In some
embodiments, the alarm may be emitted by sending an
email, text message, or chat message. Some embodiments
may further proceed to take certain operations to locked
down portions of a system, for example, disabling creden-
tials, reducing levels of access associated with credentials,
adjusting some ol the below-described thresholds to
decrease an amount of data that may be accessed before
subsequent access 1s slowed or blocked, or limiting access to
lower-security data.

In some embodiments, upon determining that there 1s no
evidence of tampering, or after emitting the alarm, some
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embodiments may proceed to determine a risk metric based
on access requests documented 1n the tamper-evident log, as
indicated by block 244. Risk metrics may take a variety of
different forms, and 1n some cases risk metrics may be
calculated for a variety of diflerent entities. For example,
different risk metrics may be calculated for diflerent users,
workload applications, computing devices, or combinations
thereof. In some embodiments, the risk metric may be an
amount of access requests received within a trailing duration
of time, a total amount of access requests, or combination
thereof. In some embodiments, the risk metric 1s based on
deviation from previous patterns of behavior. For example,
some embodiments may train a machine learning algorithm,
such as a hidden Markov model, recurrent neural network,
or the like, based on historical log events, to predict the
likelihood of various types of access requests (or sequences
of such requests), such as to particular units of content, types
of unit of content, amounts of access requests, frequencies of
access requests, or the like, for a given user, workload
application, computing device, portion of a network, or
combination thereof. Some embodiments may then compare
these predictions based on a current trailing sequence of
logged events with later received access requests and deter-
mine a risk metric based on the likelihood, for example, a
probability of the given access requests given previous
behavior. Failures of such predictive models may be evi-
dence of anomalous, malicious behavior. Some embodi-
ments may use this probability 1s a risk metric or determine
an aggregate of these probabilities over a plurality of risk
metrics, such as a measure of central tendency, like a mean,
median, or mode of these probabilities over a trailing
duration or number of access requests.

In another example, the risk metric may be based on the
content of units of content being written. For example, some
embodiments may calculate an entropy of units of content
being written and compare that entropy to measures of
entropy associated with other units of content historically
written to the distributed data store, for example, previous
database entries or documents. In some embodiments, this
difference may be indicative of a ransomware attack in
which relatively high entropy encrypted versions of data are
being written as a current version. (Though 1t should be
noted that some i1mplementations may use an immutable
data store i which earlier values remain in place and
systems may be rolled back to earlier values in the event of
such an attack 1n some embodiments by replacing pointers
in lower-trust storage to current versions to be pointers to
last-known good versions.)

Next, some embodiments may determine whether the risk
metric exceeds or otherwise satisfies a first threshold, as
indicated by block 246. Comparisons to thresholds
described herein should not be limited to a comparison that
depends upon the sign of the values applied, which 1s not to
suggest that any other description 1s limiting. The term
“satisfies” 1s used generally to refer to scenarios 1n which
one threshold may be satisfied by exceeding (or being equal
to 1n some cases) that threshold and an equivalent threshold
in which values are was multiplied by —1 may be satisfied by
being less than (or being equal to 1n some cases) that
threshold, or vice versa. Upon determining that the risk
metric satisfies the first threshold, some embodiments may
block subsequent responses to subsequent access requests,
as mdicated by block 248. In some cases, blocking may be
implemented by the computing device participating 1n
aggregating or disaggregating the units of content discussed
above with reference to block 236.
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IT access 1s not blocked, some embodiments may compare
the risk metric to a second threshold, as indicated by block
250. In some embodiments, the second threshold may be
less stringent than the first threshold, for example, corre-
sponding to lower levels of risk. In some embodiments,
upon determining that the risk metric satisfies the second
threshold, some embodiments may delay subsequent
responses to subsequent access requests, as indicated by
block 252. In some embodiments, this may include starting
a countdown timer and determining when a designated
duration of time has elapsed belore aggregating or returning
units of content or disaggregating and writing units of
content, 1n some cases for each unit of content in an access
request pertaining to a plurality of units of content. Thus,
some embodiments may implement a soit blocking mecha-
nism by which functionality i1s provided at a certain level,
while delaying in providing time for a human response 1n the
event that a scripted attack 1s occurring. In some embodi-
ments, upon satisiying the first or second thresholds 1n block
246 and 250, some embodiments may emit an alarm using
techniques like those described above to facilitate mvesti-
gation and, 1 needed human intervention. Embodiments
may then return to wait for the next request to access the
distributed data store 1n block 232.

Storing Differentials of Files 1n a Distributed Blockchain

Often, blockchain-based databases are not well suited for
storage of large, frequently modified collections of data, like
files or other binary blobs of data. Because of the immutable
nature ol blockchains, previous entries 1n a chain (which
may represent files or values 1n a database) generally cannot
be deleted or overwritten. Thus, each version of a file can
add to the size of a blockchain ledger, and where the file 1s
stored 1n the ledger and modified frequently, the size of a
blockchain ledger can become too expansive to be efliciently
accessed.

To combat the above-noted negative consequences of the
immutable property of blockchains, some embodiments
store only changes (differentials) of files over time, rather
than entire copies of a file at each change.

Some embodiments may receive a write request for a
modified file (or other blob of data) and determine whether
the data has changed from a previous version. In some
embodiments, upon reading the data imitially, hash digest
(e.g., a MD5 hash) of the data may be calculated and held
in memory. Upon a write, a new hash may be calculated
based on the data to be re-written to memory, and that hash
may be compared to the earlier hash to determine whether
the file has changed.

Upon detecting a change, some embodiments may deter-
mine a delta between an earlier version (e.g., a most recent
version) and a current version. In some cases, the database
may store a delta of an earlier change, and some embodi-
ments may iterate through a sequence of deltas to re-create
a previous version of a document or other file. Upon
obtaining the most recent version, some embodiments may
determine a delta with the new version, e.g., by determining
a set of longest common subsequences between the versions
and store the resultant diff, e.g., 1n unified format.

In most cases, 1t 1s expected that the resultant difl will be
much smaller than the new version of the file (or other blob).
As such, storing the diff 1n the blockchain 1s expected to be
less computationally expensive than storing the entire new
version. Further, because the file 1tself 1s ultimately stored in
the blockchain (rather than just a hash digest), the system 1s
expected to be more robust to various attacks, such as a hash
collision attack. In such attacks, malicious content 1s
selected and designed to produce the same hash as stored
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data, and that malicious data 1s substituted 1n the database
for the authentic data. With traditional systems, the block-
chain will yield a hash value that validates the malicious
content as authentic. In contrast, some embodiments cir-
cumvent this attack vector by storing the data commaitted to
the database in the blockchain. Further, in contrast to sys-
tems that merely store a hash digest of a document 1n the
chain, some embodiments offer increased control of the file
(or other BLOB). In these older systems that only store a
hash digest, the system does not have no control of the file.
Such systems could delete the file from the external data-
store, and all that would be left with 1n a chain 1s the hash
digest. That 1s, such systems can authenticate a file, but they
cannot reproduce the file. That said, not all embodiments
aflord these benefits, as various engineering and cost
tradeotls are envisioned, and multiple independently usetul
iventions are described, which 1s not to suggest that any
other description 1s limiting.

In some embodiments, the above techniques may be
implemented with processes described below with reference
to FIGS. 10 and 11 that operate upon a data structure
described below with reference to FIG. 12.

As shown 1 FIG. 10, some embodiments may include a
process 260 that writes a diflerence between a new version
of a document and previously stored versions of a document
to a tamper-evident, immutable data repository, such as a
block chain or one of the above-described examples of
directed acyclic graphs having cryptographic hash pointers.
In some embodiments, the process 260 may be executed by
the above-described security driver 30 1n conjunction with
the above-described translators 20 or by other components,
for example, based on a gateway on a network residing
between network storage or a database and a client com-
puting device. In some embodiments, the process 260 may
be executed by a client-side application that wraps or
otherwise interfaces between a client-side workload appli-
cation and a database driver or a filesystem driver, for
example, a file system driver executing in the same operat-
ing system as the workload application and the process
performing the operations of FIGS. 10 and 11.

In some embodiments, a filesystem of a local computing
device includes a hierarchy of directories having files
arranged therein, for example, binary large objects with
various examples ol metadata, like file names, creation
dates, modification dates, authors, permissions to access,
and the like. In some embodiments, these directories may be
local directories stored on the computing device executing a
workload application or on a remote network attached
storage device. In some embodiments, some of the files 1n
the directories may be replaced with text files having com-
puter readable pointers to, for example, documents stored
with techniques like those described above, and some
embodiments may intercept (e.g., receive directly, pass
through, observe upon filtering, etc.) read or write access
requests by a filesystem explorer application to a filesystem
driver and detect these pointers disposed in the directories 1n
place of the documents. Some embodiments may then, in
response, ellectuate the corresponding operations on docu-
ments stored 1n a tamper-evident, immutable data repository,
like those described above or other types of remote storage.
In some cases, this may include creating new versions,
updating pointers stored in the directory, and various other
operations. Further, these techniques may similarly be
applied to database read and write operations, for example,
storing differences between previously stored values and
databases that are relatively large and new versions of those
values 1n databases.
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In some embodiments, the process 260 includes receiving,
a request to write a new version of a document to a
tamper-evident, immutable data repository, as indicated by
block 262. In some embodiments, this operation may be
performed by the above-described security driver or other
client-site arbiters, for example, with the process of FIG. 8.
In some embodiments, the request may include a designa-
tion of the document as higher security and a pointer to a
previous version ol the document stored in the client-side
computer accessible directory or database. For example, the
user may have previously read the previous version into
local memory of the client computing device workload
application, transformed the previous version, and then
requested to store the new version, causing the request to be
received 1n the operation of block 162.

Next, some embodiments may determine that the new
version of the document 1s different from the previous
version of the document, as indicated by block 264. In some
embodiments, this may be performed by retrieving the
previous versions from the tamper-evident, immutable data
repository, for example, with a read process like that
described below with reference to FIG. 11. Or some embodi-
ments may expedite this determination by storing outside of
the tamper-evident, immutable data repository, an index that
associates pointers to documents with hash digests of those
documents. In some embodiments, the hash digest 1s a
cryptographic hash value based upon the content of the
document, or a non-cryptographic hash value based upon the
content of the document. It should be noted, that not all hash
functions are cryptographic hash functions having the attri-
butes described above 1s being exhibited by such functions.
In some cases, non-cryptographic hash functions may be
faster to compute than cryptographic hash functions, or
embodiments may use cryptographic hash functions to
enhance security. Accordingly, some embodiments may
make the determination of block 264 without retrieving the
previous version of the document from the tamper-evident,
immutable data repository, for example, by calculating a
new hash digest based on the new version and comparing
that new hash digest to a previously calculated hash digest
of the previous version stored outside the tamper-evident,
immutable data repository, for example, 1n association with
a pointer to that previous version in an index. Upon deter-
mining that the hash values match, some embodiments, may
terminate the process 260, as the previous version may be
determined to be the same as the new version.

Alternatively, upon determining that the new version of
the document 1s different from the previous version of the
document, some embodiments may proceed to obtain the
previous version of the document from the tamper-evident,
immutable data repository, as indicated by block 266. In
some embodiments, this may include retrieving the previous
version with read operations, for example, like those
described with reference to FIG. 11, which 1n some cases
may engage the processes described above with reference to
FIGS. 2, 5, 6, and 7.

Next, some embodiments may determine a set of changes
required to transform the previous version into the new
version of the document, as indicated by block 268. In some
embodiments, this operation may be relatively computation-
ally expensive and include determining a longest matching
substrmg between the two documents in the course of
C etermmmg a mimmimum set of changes requlred to transform
the previous version into the new version. In some cases,
these changes may be limited to deletions, appending text
(e. g prepending or postpending), and changing values of
existing text. In some embodiments, the determination may
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be made with a diff operation 1n which the previous version
and the new version are mput into a difl function, which may
return the set of changes. In some embodiments, the changes

may be implemented with the Hunt-Mcllroy algorithm, as
described 1n a paper titled AN ALGORITHM FOR DIF-

FERENTIAL FILE COMPARISON by Hunt and Mcllroy,

Bell Laboratories Computing science technical report, 1976,
the contents of which are hereby incorporated by reference.

In some cases, to expedite comparisons, each line of the
two documents may be transformed into a hash digest of that
line that 1s relatively fast to operate upon, for example,
converting each line with a hash function into a 64 bit or
shorter, such as a 32 bit or shorter or 16 bit or shorter hash
digest of the content of that respective line. Thus, each of the
two documents may be transformed into an ordered list of
hash digests, and some embodiments may then compare the
two ordered list of hash digest to 1dentily sequences of text
that are likely to have not changed between the two versions.
For example, some embodiments may identity a number of
lines at a beginning and an end of the list where there are no
changes. Upon detecting a line at which changes begin,
some embodiments may then search forward 1n one list until
a match 1s found, thereby potentially detecting insertions.

Some embodiments may then store the set of changes 1n
the tamper-evident, immutable data repository, as indicated
by block 270. In some cases, this may include performing
the operations of FIG. 2 on the data structure of FIG. 3 to
store a document, or segmenting the document 1n accor-
dance with the techniques described above with reference to
FIGS. 5§ and 6 and storing the document in that manner.

Some embodiments may further include storing a pointer
to the previous version of the document 1n association with
the set of changes, as indicated by block 272. In some
embodiments, the pointer to the previous version of the
document may be stored 1n the tamper-evident immutable
data repository as metadata to the set of changes, thereby
forming a node and edge of a version graph, like that
described below with reference to FIG. 12. In some embodi-
ments, documents may be encoded as a linked list of sets of
changes with pointers between the sets of changes tracing
back to an iitial version of the document, for example, in
the above-described data structures, and documents may be
retrieved by retrieving each of the sets of changes and then
iteratively applying them, as described in greater detail
below with reference to FIG. 11.

In some embodiments, an updated pointer to the newly
stored set of changes from block 270 may be stored in the
file system (or database cell) in place of the previous pointer
submitted with the request to write the new version 1n block
262. Thus, a subsequent read request for that file may
identify that new pointer and retrieve the new set of changes
and then trace back to the initial version through the previ-
ous version, as described in greater detail below with
reference to FIG. 11. Similar operations, like those described
above, may be performed on a value stored in a database,
replacing a pointer 1n a database cell to reference the new
version.

In some embodiments, version graphs may branch. For
example a user may request to write to a previous version of
a document or to write to new versions to a previous version
of the document, thereby forming parallel change of a
version graph that share a subset of their version history with
one another but then branch a part later 1n the version graph.
This 1s expected to further compress data and increase the
amount of documents that can be stored 1n a given amount
of storage 1n a tamper-evident, immutable data repository.
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FIG. 11 shows an example of a process 280 to read a
document, or other unit of content, from a tamper-evident,
immutable data repository storing version graphs of docu-
ments as sequences of differences between versions of
documents tracing back to initial version. In some embodi-
ments, the process 280 may be performed 1n the course of
obtaining the previous version of the document 1n block 266
of FIG. 10, or upon receiving a request by workload appli-
cation to access a stored document, for example, upon
intercepting a request to a file system driver to access a
document replaced with a pointer to a document stored 1n
one of the above-describe data structures.

In some embodiments, the process 280 includes receiving,
a read request 1dentilying a pointer to a most recent version
of a document 1n a tamper-evident, immutable data reposi-
tory, as indicated by block 282. In some cases, the pointer
may be to a previous version, for example, upon a user
requesting to roll back to a previous version. In some
embodiments, the read request may be intercepted with the
techniques described above by which write requests are
intercepted.

Next, some embodiments may read the version located by
the current pointer, as indicated by block 284, for example
by performing the read operations described above by which
documents are retrieved in the data structures of FIG. 3 or
FI1G. 5, or other database entries are received.

Some embodiments may then determine whether the red
version 1s the 1nitial version of the document or other unit of
content, as indicated by block 286. In some cases, an 1nitial
versions may be explicitly flagged as such when stored, or
initial versions may be implicitly designated as such 1n
virtue of lacking a pointer to an earlier version. As noted
above, pointers may be stored in association with subse-
quent versions, as discussed in reference to block 272.

Upon determining that the version retrieved was not the
initial version, some embodiments may designate a pointer
associated with the retrieved version, for example, stored as

metadata of the retrieved version i1n the tamper-evident,
immutable data repository, as the current pointer, as 1ndi-
cated by block 288.

Next, some embodiments may add a set of changes
associated with the retrieved version, for example, stored at
a location or sequence of locations 1n the tamper-evident,
immutable data repository identified by the current pointer,
to a last 1n first out bufler, as indicated by block 290. In some
cases, the bufler may be characterized as a stack. Some
embodiments may then return to block 284 to read the next
carlier version located by the updated current pointer in
block 284.

Upon encountering an initial version i block 286, some
embodiments may proceed to block 292 and 1nitialize a copy
of the document to the 1mitial version, for example, setting a
working copy of the document to be equal to the initial
version that was retrieved. Some embodiments may then
determine whether there are more changes in the butlfer to
process, indicated as indicated by block 294. In some cases,
some embodiments may determine whether the buffer 1s
empty or there are more values, that 1s sets of changes,
stacked 1n the bufler.

Some embodiments may, upon determining that there are
more changes, retrieve a next set of changes from the bufler,
as 1ndicated by block 296, 1n some cases this may include
deleting that next set of changes from the bufler to update
the butler to reflect the next set of changes are to be applied.
In some cases, this may be characterized as popping a set of
changes from a stack.
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Next, some embodiments may apply the next set of
changes to the current working copy of the document, as
indicated by block 298. In some cases, this may include
accessing a set of deletion operations, change operations,
and append operations. In some embodiments, these changes
may each be associated with a line number to which the
change 1s to be applied, a sequence with which the change
1s to be applied, and a content 1n some cases to be applied,
for example indicating replacement text or appended text (or
bits).

Some embodiments may then return to block 294 to
determine whether there more changes in the bufler. Upon
reaching the end of the butler, for example, the bottom of the
stack, some embodiments may proceed to block 300 and
return the copy of the document. In some cases, the copy of
the document may be returned to a workload application
configured to access the document, for example, based on a
file system extension mapped 1n the operating system to a
particular workload application. In some embodiments, the
read operation may be transparent to a user, and may appear
to the user as 11 the user 1s operating on a locally stored or
network stored copy of a document, with the user experience
being 1dentical or substantially identical to that experienced
by a user who 1s not interfacing with the above-described
secure distributed storage 16, thereby providing higher
security without 1mposing on users or 1n some cases requir-
ing retrofits of workload applications that can be expensive.
(That said, embodiments are not limited to systems affording
these benefits, which 1s not to suggest that other descriptions
are limiting.)

In some embodiments, the processes of FIGS. 10 and 11
may produce a data structure 310 like that shown in FIG. 12.
In some embodiments, the data structure 310 may include
the verification graphs described above with reference the
data structure 130 of FIG. 5, along with the content graph
138 described above with reference to FIG. 5. In thus
example, the content graph 138 may be a most recent stored
version ol a document, which may be a set of changes from
an earlier version. In some embodiments, the earlier version
may, for example, be an 1nitial version of a document, stored
in another content graph 314 shown in FIG. 12. Content
graph 314 may, like content graph 138 include a sequence of
content nodes, such as segments, connected by pointers
between the segments, by which an initial version of a
document or a set of changes associated with a given version
may be assembled during a read operation. In some embodi-
ments, thus, the data structure 310 may store a third overlaid
graph, which may be a version graph 312. In this example,
version graph 312 includes an edge 316, which may be a
pointer from the most current version stored in content graph
238 to an earlier, 1mitial version stored in content graph 314.
In some embodiments, the pointer to may be to an initial
segment of the content graph storing the earlier version.

FIG. 13 1s a diagram that illustrates an exemplary com-
puting system 1000 1n accordance with embodiments of the
present technique. Various portions of systems and methods
described herein, may include or be executed on one or more
computer systems similar to computing system 1000. Fur-
ther, processes and modules described herein may be
executed by one or more processing systems similar to that
of computing system 1000.

Computing system 1000 may include one or more pro-
cessors (e.g., processors 10104-10107) coupled to system
memory 1020, an mput/output I/O device iterface 1030,
and a network interface 1040 via an input/output (I/0)
interface 1050. A processor may include a single processor
or a plurality of processors (e.g., distributed processors). A
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processor may be any suitable processor capable of execut-
ing or otherwise performing instructions. A processor may
include a central processing unit (CPU) that carries out
program 1nstructions to perform the arithmetical, logical,
and 1nput/output operations ol computing system 1000. A
processor may execute code (e.g., processor firmware, a
protocol stack, a database management system, an operating
system, or a combination thereof) that creates an execution
environment for program instructions. A processor may
include a programmable processor. A processor may nclude
general or special purpose microprocessors. A processor
may receive instructions and data from a memory (e.g.,
system memory 1020). Computing system 1000 may be a
uni-processor system including one processor (€.g., proces-
sor 1010a), or a multi-processor system including any
number of suitable processors (e.g., 1010a-10107). Multiple
processors may be employed to provide for parallel or
sequential execution of one or more portions of the tech-
niques described herein. Processes, such as logic flows,
described herein may be performed by one or more pro-
grammable processors executing one or more computer
programs to perform functions by operating on mput data
and generating corresponding output. Processes described
herein may be performed by, and apparatus can also be
implemented as, special purpose logic circuitry, e.g., an
FPGA (field programmable gate array) or an ASIC (appli-
cation specific integrated circuit). Computing system 1000
may include a plurality of computing devices (e.g., distrib-
uted computer systems) to implement various processing
functions.

I/0 device mterface 1030 may provide an interface for
connection of one or more I/O devices 1060 to computer
system 1000. I/O devices may include devices that receive
mput (e.g., from a user) or output mformation (e.g., to a
user). I/0O devices 1060 may include, for example, graphical
user interface presented on displays (e.g., a cathode ray tube
(CRT) or liquid crystal display (LCD) monitor), pointing
devices (e.g., a computer mouse or trackball), keyboards,
keypads, touchpads, scanning devices, voice recognition
devices, gesture recognition devices, printers, audio speak-
ers, microphones, cameras, or the like. I/O devices 1060
may be connected to computer system 1000 through a wired
or wireless connection. I/O devices 1060 may be connected
to computer system 1000 from a remote location. /O
devices 1060 located on remote computer system, for
example, may be connected to computer system 1000 via a
network and network interface 1040.

Network interface 1040 may include a network adapter
that provides for connection of computer system 1000 to a
network. Network interface may 1040 may facilitate data
exchange between computer system 1000 and other devices
connected to the network. Network interface 1040 may
support wired or wireless communication. The network may
include an electronic communication network, such as the
Internet, a local area network (LAN), a wide area network
(WAN), a cellular communications network, or the like.

System memory 1020 may be configured to store program
instructions 1100 or data 1110. Program instructions 1100
may be executable by a processor (e.g., one or more of
processors 10104-10107) to implement one or more embodi-
ments of the present techmiques. Instructions 1100 may
include modules of computer program instructions for
implementing one or more techniques described herein with
regard to various processing modules. Program instructions
may include a computer program (which 1n certain forms 1s
known as a program, software, software application, script,
or code). A computer program may be written 1n a program-
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ming language, including compiled or interpreted lan-
guages, or declarative or procedural languages. A computer
program may include a unit suitable for use in a computing
environment, including as a stand-alone program, a module,
a component, or a subroutine. A computer program may or
may not correspond to a file 1n a file system. A program may
be stored 1n a portion of a file that holds other programs or
data (e.g., one or more scripts stored 1n a markup language
document), 1n a single file dedicated to the program in
question, or in multiple coordinated files (e.g., files that store
one or more modules, sub programs, or portions of code). A
computer program may be deployed to be executed on one
or more computer processors located locally at one site or
distributed across multiple remote sites and interconnected
by a communication network.

System memory 1020 may include a tangible program

carrier having program instructions stored thereon. A tan-
gible program carrier may include a non-transitory computer
readable storage medium. A non-transitory computer read-
able storage medium may include a machine readable stor-
age device, a machine readable storage substrate, a memory
device, or any combination thereof. Non-transitory com-
puter readable storage medium may include non-volatile
memory (e.g., flash memory, ROM, PROM, EPROM,
EEPROM memory), volatile memory (e.g., random access
memory (RAM), static random access memory (SRAM),
synchronous dynamic RAM (SDRAM)), bulk storage
memory (e.g., CD-ROM and/or DVD-ROM, hard-drives),
or the like. System memory 1020 may include a non-
transitory computer readable storage medium that may have
program 1nstructions stored thereon that are executable by a
computer processor (€.g., one or more ol processors 1010a-
10107) to cause the subject matter and the functional opera-
tions described herein. A memory (e.g., system memory
1020) may include a single memory device and/or a plurality
of memory devices (e.g., distributed memory devices).
Instructions or other program code to provide the function-
ality described herein may be stored on a tangible, non-
transitory computer readable media. In some cases, the
entire set of 1nstructions may be stored concurrently on the
media, or 1n some cases, diflerent parts of the instructions
may be stored on the same media at different times.
I/O mterface 1050 may be configured to coordinate I/0O
traflic between processors 1010a-10107, system memory
1020, network interface 1040, I/O devices 1060, and/or
other peripheral devices. I/O iterface 1050 may perform
protocol, timing, or other data transformations to convert
data signals from one component (e.g., system memory
1020) into a format suitable for use by another component
(e.g., processors 10104-10107). I/O interface 1050 may
include support for devices attached through various types
of peripheral buses, such as a varniant of the Peripheral
Component Interconnect (PCI) bus standard or the Universal
Serial Bus (USB) standard.

Embodiments of the techniques described herein may be
implemented using a single 1nstance of computer system
1000 or multiple computer systems 1000 configured to host
different portions or instances of embodiments. Multiple
computer systems 1000 may provide for parallel or sequen-
tial processing/execution ol one or more portions of the
techniques described herein.

Those skilled 1 the art will appreciate that computer
system 1000 1s merely illustrative and 1s not intended to limat
the scope of the techniques described herein. Computer
system 1000 may include any combination of devices or
software that may perform or otherwise provide for the
performance of the techniques described herein. For
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example, computer system 1000 may include or be a com-
bination of a cloud-computing system, a data center, a server
rack, a server, a virtual server, a desktop computer, a laptop
computer, a tablet computer, a server device, a client device,
a mobile telephone, a personal digital assistant (PDA), a
mobile audio or video player, a game console, a vehicle-
mounted computer, or a Global Positioning System (GPS),
or the like. Computer system 1000 may also be connected to
other devices that are not illustrated, or may operate as a
stand-alone system. In addition, the functionality provided
by the illustrated components may 1n some embodiments be
combined 1n fewer components or distributed 1n additional
components. Similarly, 1n some embodiments, the function-
ality of some of the illustrated components may not be
provided or other additional functionality may be available.

Those skilled in the art will also appreciate that while
various 1tems are 1llustrated as being stored 1n memory or on
storage while being used, these 1tems or portions of them
may be transierred between memory and other storage
devices for purposes of memory management and data
integrity. Alternatively, in other embodiments some or all of
the software components may execute in memory on another
device and communicate with the 1llustrated computer sys-
tem via inter-computer communication. Some or all of the
system components or data structures may also be stored
(e.g., as 1nstructions or structured data) on a computer-
accessible medium or a portable article to be read by an
appropriate drive, various examples of which are described
above. In some embodiments, instructions stored on a com-
puter-accessible medium separate from computer system
1000 may be transmitted to computer system 1000 via
transmission media or signals such as electrical, electromag-
netic, or digital signals, conveyed via a commumnication
medium such as a network or a wireless link. Various
embodiments may further include receiving, sending, or
storing instructions or data implemented 1n accordance with
the foregoing description upon a computer-accessible
medium. Accordingly, the present techniques may be prac-
ticed with other computer system configurations.

In block diagrams, illustrated components are depicted as
discrete functional blocks, but embodiments are not limited
to systems 1n which the functionality described herein 1s
organized as 1llustrated. The functionality provided by each
of the components may be provided by software or hardware
modules that are differently organized than i1s presently
depicted, for example such software or hardware may be
intermingled, conjoined, replicated, broken up, distributed
(e.g. within a data center or geographically), or otherwise
differently organized. The functionality described herein
may be provided by one or more processors of one or more
computers executing code stored on a tangible, non-transi-
tory, machine readable medium. In some cases, notwith-
standing use of the singular term “medium,” the nstructions
may be distributed on different storage devices associated
with different computing devices, for instance, with each
computing device having a different subset of the instruc-
tions, an implementation consistent with usage of the sin-
gular term “medium”™ herein. In some cases, third party
content delivery networks may host some or all of the
information conveyed over networks, in which case, to the
extent information (e.g., content) 1s said to be supplied or
otherwise provided, the information may provided by send-
ing instructions to retrieve that information from a content
delivery network.

The reader should appreciate that the present application
describes several independently useful techniques. Rather
than separating those techniques into multiple 1solated pat-
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ent applications, applicants have grouped these techniques
into a single document because their related subject matter
lends 1tself to economies in the application process. But the
distinct advantages and aspects of such techniques should
not be conflated. In some cases, embodiments address all of
the deficiencies noted herein, but 1t should be understood
that the techmiques are independently useful, and some
embodiments address only a subset of such problems or offer
other, unmentioned benefits that will be apparent to those of
skill in the art reviewing the present disclosure. Due to costs
constraints, some techmques disclosed herein may not be
presently claimed and may be claimed 1n later filings, such
as confinuation applications or by amending the present
claims. Similarly, due to space constraints, neither the
Abstract nor the Summary of the Invention sections of the
present document should be taken as containing a compre-
hensive listing of all such techniques or all aspects of such
techniques.

It should be understood that the description and the
drawings are not intended to limit the present techniques to
the particular form disclosed, but to the contrary, the inten-
tion 1s to cover all modifications, equivalents, and alterna-
tives falling within the spirit and scope of the present
techniques as defined by the appended claims. Further
modifications and alternative embodiments of various
aspects of the techmiques will be apparent to those skilled 1n
the art in view of this description. Accordingly, this descrip-
tion and the drawings are to be construed as 1llustrative only
and are for the purpose of teaching those skilled in the art the
general manner of carrying out the present techniques. It 1s
to be understood that the forms of the present techniques
shown and described herein are to be taken as examples of
embodiments. Flements and materials may be substituted
for those illustrated and described herein, parts and pro-
cesses may be reversed or omitted, and certain features of
the present techniques may be utilized independently, all as
would be apparent to one skilled 1n the art after having the
benefit of this description of the present techniques. Changes
may be made in the elements described herein without
departing from the spirit and scope of the present techniques
as described 1n the following claims. Headings used herein
are for organizational purposes only and are not meant to be
used to limait the scope of the description.

As used throughout this application, the word “may” 1s
used 1n a permissive sense (1.€., meaning having the poten-
tial to), rather than the mandatory sense (1.e., meaning must).
The words “include”, “including”, and “includes™ and the
like mean including, but not limited to. As used throughout
this application, the singular forms *“a,” “an,” and “the”
include plural referents unless the content explicitly indi-
cates otherwise. Thus, for example, reference to “an ele-
ment” or “a element” 1ncludes a combination of two or more
clements, notwithstanding use of other terms and phrases for
one or more elements, such as “one or more.” The term “or”
1s, unless indicated otherwise, non-exclusive, 1.e., encom-
passing both “and” and “or.” Terms describing conditional
relationships, e.g., “in response to X, Y,” “upon X, Y,”, “1if
X, Y,” “when X, Y,” and the like, encompass causal rela-
tionships in which the antecedent 1s a necessary causal
condition, the antecedent 1s a sufficient causal condition, or
the antecedent 1s a contributory causal condition of the
consequent, e.g., “state X occurs upon condition Y obtain-
ing”” 1s generic to “X occurs solely upon Y and “X occurs
upon Y and Z.” Such conditional relationships are not
limited to consequences that instantly follow the antecedent
obtaining, as some consequences may be delayed, and 1n
conditional statements, antecedents are connected to their
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consequents, e.g., the antecedent 1s relevant to the likelihood
of the consequent occurring. Statements 1n which a plurality
of attributes or functions are mapped to a plurality of objects
(e.g., one or more processors performing steps A, B, C, and
D) encompasses both all such attributes or functions being
mapped to all such objects and subsets of the attributes or
functions being mapped to subsets of the attributes or
functions (e.g., both all processors each performing steps
A-D, and a case i which processor 1 performs step A,
processor 2 performs step B and part of step C, and
processor 3 performs part of step C and step D), unless
otherwise indicated. Further, unless otherwise indicated,
statements that one value or action 1s “based on” another
condition or value encompass both instances in which the
condition or value 1s the sole factor and instances 1n which
the condition or value 1s one factor among a plurality of
factors. Unless otherwise indicated, statements that “each”
instance of some collection have some property should not
be read to exclude cases where some otherwise 1dentical or
similar members of a larger collection do not have the
property, 1.€., each does not necessarilly mean each and
every. Limitations as to sequence of recited steps should not
be read 1nto the claims unless explicitly specified, e.g., with
explicit language like “after performing X, performing Y,” 1n
contrast to statements that might be improperly argued to
imply sequence limitations, like “performing X on items,
performing Y on the X’ed items,” used for purposes of
making claims more readable rather than speciiying
sequence. Statements referring to “at least Z of A, B, and C.,”
and the like (e.g., “at least Z of A, B, or C”), refer to at least
7. of the listed categories (A, B, and C) and do not require
at least Z units 1n each category. Unless specifically stated
otherwise, as apparent from the discussion, it 1s appreciated
that throughout this specification discussions utilizing terms
such as “processing,” “computing,” “calculating,” *“deter-
mining” or the like refer to actions or processes of a specific
apparatus, such as a special purpose computer or a similar
special purpose electronic processing/computing device.

In this patent, certain U.S. patents, U.S. patent applica-
tions, or other materials (e.g., articles) have been incorpo-
rated by reference. The text of such U.S. patents, U.S. patent
applications, and other materials 1s, however, only 1ncorpo-
rated by reference to the extent that no conflict exists
between such material and the statements and drawings set
forth herein. In the event of such conflict, the text of the
present document governs.

The present techniques will be better understood with
reference to the following enumerated embodiments:
1. A tangible, non-transitory, machine-readable medium
storing 1nstructions that when executed by one or more
processors ellectuate operations comprising: receiving, with
ONe Or MOre processors, one or more write requests to write
a plurality of values to a plurality of fields in one or more
tuples of a relational database, different ones of the values
corresponding to diflerent ones of the fields; selecting, with
one or more processors, a first subset of the values based on
the first subset of values corresponding to fields in a first
subset of the fields, the first subset of fields being designated
as higher-security fields than a second subset of ficlds among
the plurality of fields; segmenting, with one or more pro-
cessors, a first value 1n the first subset of values 1nto a
plurality of segments, each segment having a subset of
information 1n the first value and diflerent segments having
different subsets of the information i1n the first value, the
write request having an indication that the first value 1s to be
written to a given field of a given tuple; instructing, with one
Or more processors, via a network, a first computing device
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to store a first subset of segments among the plurality of
segments 1n memory; mstructing, with one or more proces-
sors, via a network, a second computing device to store a
second subset of segments among the plurality of segments
in memory, wherein: the first computing device does not
have access to the second subset of segments; and the second
computing device does not have access to the first subset of
segments; and causing, with one or more processors, the
relational database to store the second subset of the values
and one or more pointers to at least some of the segments,
wherein: the first subset of the values 1s not written to the
relational database in response to the one or more write
requests; and the one or more pointers are stored in the
relational database in association with the given field of the
given tuple to which the one or more write requests request
the first value be written.

2. The medium of embodiment 1, wherein: the first segment
1s stored at the first computing device with a pointer to the
second segment; and the pointer or a value associated with
pointer indicates the second segment 1s stored at the second
computing device, wherein the second computing device 1s
one of a plurality of computing devices storing an instance
of the second segment.

3. The medium of any one of embodiments 1-2, wherein: the
one or more pointers are a single pointer to the first segment
and indicate, or are associated with a value that indicates, the
first segment 1s stored at the first computing device.

4. The medium of any one of embodiments 1-3, wherein the
one or more pointers include: a first pointer to the first
segment that indicates, or 1s associated with a value that
indicates, the first segment 1s stored at the first computing
device; and a second pointer to the second segment that
indicates, or 1s associated with a value that indicates, the
second segment 15 stored at the second computing device.

5. The medium of any one of embodiments 1-4, wherein:
five or more segments among the plurality of segments are
stored on five or more diflerent computing devices; the five
or more different computing devices include the first com-
puting device and the second computing device; and the five
or more computing devices do not store or otherwise have
access to at least three of the five or more segments.

6. The medium of any one of embodiments 1-5, wherein: the
segments are stored on three or more computing devices as
content nodes of a content directed acyclic graph, the
content directed acyclic graph including edges defined by
pointers from segments to other segments.

7. The medium of embodiment 6, wherein: the directed
acyclic graph comprises a linked list of three or more nodes.
8. The medium of any one of embodiments 6-7, wherein: the
directed acyclic graph comprises a skip list with 1,000 or
more nodes.

9. The medium of any one of embodiments 6-8, wherein: the
directed acyclic graph comprises a binary tree.

10. The medium of any one of embodiments 6-9, wherein:
the content directed acyclic graph 1s distributed among a
plurality of validation directed acyclic graphs; the validation
directed acyclic graphs each comprise a plurality of valida-
tion nodes linked by validation edges; the validation directed
acyclic graphs each store different subsets of the content
nodes as validation node attributes of different ones of the
validation nodes; validation edges of the validation directed
acyclic graphs are defined, at least 1n part, by cryptographic
hash pointers linking between validation nodes of the vali-
dation directed acyclic graph; and the cryptographic hash
pointers indicate whether one or more validation node
attributes of a respective validation node to which respective
cryptographic hash pointers point has been modified by
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encoding a cryptographic hash value based on the one or
more validation node attributes of the validation node to
which the respective cryptographic hash pointer points; and
validation node attributes of at least some of the validation
nodes include the cryptographic hash values.

11. The medium of embodiment 10, wherein: a given one of
the validation directed acyclic graphs comprises a linked list
of validation nodes having pointers to respective binary trees
of validation nodes; and a given one of the segments 1s
stored as a validation node attribute of a leaf validation node
of a given one of the binary trees.

12. The medium of embodiment 10, wherein: each of the
validation directed acyclic graphs comprises a respective
linked list of validation nodes having pointers to respective
binary trees of validation nodes; and the content directed
acyclic graph 1s a linked list of pointers between leaf
validation nodes of binary trees among the validation
directed acyclic graphs.

13. The medium of embodiment 10, wherein: the crypto-
graphic hash 1s an SHA-256 hash of one or more attributes
of an adjacent validation node 1n a respective validation
directed acyclic graph.

14. The medium of any one of embodiments 1-13, compris-
ing: after an application queries the relational database,
receiving a query response from the relational database that
includes at least some of the one or more pointers; in
response to receiving the query response, determining that at
least some of the query response 1s stored outside of the
relational database; 1n response to the determination,
requesting, based on the at least some of the one or more
pointers, the plurality of segments from a plurality of
computing devices including the first computing device and
the second computing device; combining the plurality of
segments to form the first value; forming a revised version
of the query response 1n which the at least some of the one
or more pointers are replaced by the first value; and pro-
viding the revised version of the query response to the
application.

15. The medium of embodiment 14, wherein requesting the
plurality of segments comprises: requesting a first segment
identified by the at least some of the one or more pointers;
receiving the first segment and a first associated pointer to a
second segment; requesting the second segment at a com-
puting device indicated by the first associated pointer or
value associated therewith; recerving the second segment
and a second associated pointer to a third segment; request-
ing the third segment at a computing device indicated by the
third associated segment; and receiving a third segment.
16. The medium of embodiment 14, comprising: determin-
ing a rate at which data 1s requested from the relational
database; and determining that the rate exceeds a threshold;
and 1n response to the determination, delaying providing at
least part of the revised version of the query response to the
application.

1’7. The medium of embodiment 14, wherein: each segment
1s stored on three or more different computing devices
responsive to the write request; and after receiving the query
response, the value of a given segment retrieved from the
three or more different computing devices 1s determined
based on a value of the given segment determined to be
returned by a majority of the three or more diflerent com-
puting devices.

18. The medium of embodiment 14, comprising: writing a
record describing at least part of the query or the query
response to a blockchain ledger, the record being associated
with an 1dentifier of a user that caused the query.
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a second pointer to the second segment that indicates, or
1s associated with a value that indicates, the second
segment 1s stored at the second computing device.

5. The medium of claim 1, wherein:

five or more segments among the plurality of segments
are stored on five or more diflerent computing devices;

the five or more diflerent computing devices include the
first computing device and the second computing
device; and

the five or more computing devices do not store or
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19. A method, comprising: the operations of any one of
embodiments 1-18.
20. A system, comprising: one or more processors; and
memory storing 1instructions that when executed by the
processors cause the processors to eflectuate operations 3
comprising: the operations of any one of embodiments 1-18.
What 1s claimed 1s:
1. A tangible, non-transitory, machine-readable medium
storing 1nstructions that when executed by one or more
processors ellectuate operations comprising: 10

receiving, with one or more processors, one or more write
requests to write a plurality of values to a plurality of
fields 1n one or more tuples of a relational database,
different ones of the values corresponding to different

associated with a value that indicates, the first segment
1s stored at the first computing device; and

otherwise have access to at least three of the five or
more segments.

6. The medium of claam 1, wherein:

the segments are stored on three or more computing

ones of the fields; 15 devices as content nodes of a content directed acyclic
selecting, with one or more processors, a first subset of the graph, the content directed acyclic graph including
values based on the first subset of values corresponding edges defined by pointers from segments to other
to fields 1n a first subset of the fields, the first subset of segments.
fields being designated as higher-security fields than a 7. The medium of claim 6, wherein:
second subset of fields among the plurality of fields; 20  the directed acyclic graph comprises a linked list of three
segmenting, with one or more processors, a first value 1n or more nodes.
the first subset of values into a plurality of segments, 8. The medium of claim 6, wherein:
cach segment having a subset of information 1n the first the directed acyclic graph comprises a skip list with 1,000
value and different segments having different subsets of or more nodes.
the information 1n the first value, the write request 25 9. The medium of claim 6, wherein:
having an indication that the first value 1s to be written the directed acyclic graph comprises a binary tree.
to a given field of a given tuple; 10. The medium of claim 6, wherein:
instructing, with one or more processors, via a network, a the content directed acyclic graph 1s distributed among a
first computing device to store a first subset of seg- plurality of validation directed acyclic graphs;
ments among the plurality of segments 1n memory; 30  the validation directed acyclic graphs each comprise a
instructing, with one or more processors, via a network, a plurality of wvalidation nodes linked by wvalidation
second computing device to store a second subset of edges;
segments among the plurality of segments 1n memory, the validation directed acyclic graphs each store different
wherein: subsets of the content nodes as validation node attri-
the first computing device does not have access to the 35 butes of different ones of the validation nodes;
second subset of segments; and validation edges of the validation directed acyclic graphs
the second computing device does not have access to are defined, at least in part, by cryptographic hash
the first subset of segments; and pointers linking between validation nodes of the vali-
causing, with one or more processors, the relational dation directed acyclic graph; and
database to store the second subset of the values and 40  the cryptographic hash pointers indicate whether one or
one or more pointers to at least some of the segments, more validation node attributes of a respective valida-
wherein: tion node to which respective cryptographic hash point-
the first subset of the values 1s not written to the ers point has been modified by encoding a crypto-
relational database in response to the one or more graphic hash value based on the one or more validation
write requests; and 45 node attributes of the validation node to which the
the one or more pointers are stored in the relational respective cryptographic hash pointer points; and
database 1n association with the given field of the validation node attributes of at least some of the valida-
given tuple to which the one or more write requests tion nodes include the cryptographic hash values.
request the first value be written. 11. The medium of claim 10, wherein:
2. The medium of claim 1, wherein: 50 a given one ol the validation directed acyclic graphs
the first segment 1s stored at the first computing device comprises a linked list of validation nodes having
with a pointer to the second segment; and pointers to respective binary trees of validation nodes;
the pointer or a value associated with pointer indicates the and
second segment 1s stored at the second computing a given one of the segments 1s stored as a validation node
device, wherein the second computing device 1s one of 55 attribute of a leaf validation node of a given one of the
a plurality of computing devices storing an instance of binary trees.
the second segment. 12. The medium of claim 10, wherein:
3. The medium of claim 1, wherein: cach of the validation directed acyclic graphs comprises a
the one or more pointers are a single pointer to the first respective linked list of validation nodes having point-
segment and indicate, or are associated with a value 60 ers to respective binary trees of validation nodes; and
that indicates, the first segment 1s stored at the first the content directed acyclic graph i1s a linked list of
computing device. pointers between leafl validation nodes of binary trees
4. The medium of claim 1, wherein the one or more among the validation directed acyclic graphs.
pointers 1nclude: 13. The medium of claim 10, wherein:
a first pointer to the first segment that indicates, or 1s 65  the cryptographic hash 1s an SHA-256 hash of one or

more attributes of an adjacent validation node 1 a
respective validation directed acyclic graph.
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14. The medium of claim 1, comprising:

after an application queries the relational database, receiv-
ing a query response from the relational database that
includes at least some of the one or more pointers;

in response to receiving the query response, determining,
that at least some of the query response 1s stored outside
of the relational database;

in response to the determination, requesting, based on the
at least some of the one or more pointers, the plurality
of segments from a plurality of computing devices
including the first computing device and the second
computing device;

combining the plurality of segments to form the first
value;

forming a revised version of the query response in which
the at least some of the one or more pointers are
replaced by the first value; and

providing the revised version of the query response to the
application.

15. The medium of claim 14, wherein requesting the

plurality of segments comprises:

requesting a first segment 1dentified by the at least some

of the one or more pointers;
receiving the first segment and a first associated pointer to

a second segment;
requesting the second segment at a computing device
indicated by the first associated pointer or value asso-

ciated therewith;

receiving the second segment and a second associated
pointer to a third segment;

requesting the third segment at a computing device ndi-
cated by the third associated segment; and

receiving a third segment.

16. The medium of claim 14, comprising:

determining a rate at which data 1s requested from the
relational database; and

determining that the rate exceeds a threshold; and

in response to the determination, delaying providing at
least part of the revised version of the query response
to the application.

17. The medium of claim 14, wherein:

cach segment 1s stored on three or more different com-
puting devices responsive to the write request; and

after receiving the query response, the value of a given
segment retrieved from the three or more different
computing devices 1s determined based on a value of
the given segment determined to be returned by a
majority of the three or more different computing
devices.

18. The medium of claim 14, comprising:

writing a record describing at least part of the query or the
query response to a blockchain ledger, the record being
associated with an identifier of a user that caused the

query.
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19. The medium of claim 1, comprising;:

steps for intercepting exchanges between an application
and a relational database;

steps for fragmenting data;

steps for storing fragmented data 1n a plurality of immu-
table data structures:

steps for preventing data from being undetectably modi-
fled; and

steps for reading data distributed among a plurality of
immutable data structures.

20. A method, comprising:

receiving, with one or more processors, one or more write

requests to write a plurality of values to a plurality of
fields 1n one or more tuples of a relational database,

different ones of the values corresponding to different

ones of the fields:

selecting, with one or more processors, a first subset of the
values based on the first subset of values corresponding
to fields 1n a first subset of the fields, the first subset of
fields being designated as higher-security fields than a
second subset of fields among the plurality of fields;

segmenting, with one or more processors, a first value n
the first subset of values 1nto a plurality of segments,
cach segment having a subset of information 1n the first
value and diflerent segments having different subsets of
the information in the first value, the write request
having an indication that the first value 1s to be written
to a given field of a given tuple;

instructing, with one or more processors, via a network, a
first computing device to store a first subset of seg-
ments among the plurality of segments 1n memory;

instructing, with one or more processors, via a network, a
second computing device to store a second subset of
segments among the plurality of segments 1n memory,
wherein:
the first computing device does not have access to the

second subset of segments; and
the second computing device does not have access to
the first subset of segments; and
causing, with one or more processors, the relational
database to store the second subset of the values and
one or more pointers to at least some of the segments,
wherein:
the first subset of the values 1s not written to the
relational database in response to the one or more
write requests; and

the one or more pointers are stored in the relational
database 1n association with the given field of the
given tuple to which the one or more write requests
request the first value be written.
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